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Treatment of Cantaloupe: Residue Analysis. Major Professor: Mark Morgan. 
 
 
Chlorine dioxide (ClO2) is a selective oxidant and powerful antimicrobial agent. 
Previous work has shown that treatment of cantaloupe with ClO2 gas at 5 mg/L for 10 
minutes results in a 4.6 and 4.3 log reduction of E. coli O157:H7 and L. monocytogenes 
respectively. A significant reduction (p<0.05) in the initial microflora and an increase in 
the shelf life by six days without altering the color of the cantaloupe (as compared to the 
untreated control) were also reported. In the past two decades, cantaloupes have been 
associated with numerous foodborne illness outbreaks in the United States. The use of 
ClO2 treatment may help mitigate this problem, however, it could result in the presence 
of chloroxyanions residues (chloride (Cl-), chlorite (ClO2-), chlorate (ClO3-) or 
perchlorate (ClO4-)) in the treated product. These residues, at certain levels, are a toxicity 
concern. The objective of this project was to identify and quantify chloroxyanions in 
cantaloupes treated with ClO2 gas at the relevant conditions. 
Current analytical methods for ClO2 and chloroxyanions are only applicable to 
aqueous samples. Some of these methods have been used to determine surface residues in 
treated products by analyzing rinse-water. In order to quantify residues in the tissues of a 




natural organic matter, an analysis method that used radiolabeled chlorine [36Cl]  was 
implemented. Radiolabeled chlorine dioxide gas (36ClO2) was generated by a reaction 
between hydrochloric acid and a mixture of radiolabeled and nonradiolabeled sodium 
[36Cl] chlorite. This gas was used to treat the cantaloupe for 10 minutes such that the 
initial concentration of ClO2 , during treatment, was 5 mg/L. The treated product was 
then separated into rind, flesh and mixed (rind+flesh) samples that were blended 
separately to give corresponding slurry samples. Aliquots of slurry were centrifuged and 
liquid supernatant (serum) was obtained. Separate aliquots of serum were fractionated via 
ion chromatography and the fractions were collected. Liquid scintillation counting was 
used to detect radioactivity in the slurry, serum and collected fractions. Based on the 
radioactivity detected, and the ratio of radioactivity to chlorite mass used in the ClO2 
generation reaction, the distribution of chloroxyanions and their concentrations could be 
determined.  
The only anions detected were Cl- and ClO3-, with ~90% of the anions in the Cl- 
form. These residues were located primarily in the rind of the cantaloupe. Six different 
cantaloupes (Melon1- Melon6) were individually treated. The concentration of residues 
in the rind for all six cantaloupes was 19.26±7.99 µg Cl-/g rind slurry and 4.83±2.26 µg 
ClO3-/g rind slurry. Residues were also detected in the flesh for Melon1, 2 and 3 (0.13±-
.07 µg ClO2-/g flesh) but were present at very low concentrations such that the anionic 
species could not be identified, so total residues were reported (in terms of ClO2- 
equivalents). These residues were believed to have been caused by contamination of the 




For Melon4, 5, and 6 a different cutting technique was employed to prevent residue 
crossover and consequently no residues (at the limit of detection) were detected in the 
flesh . A worst-case scenario wherein flesh of cantaloupe was directly exposed to ClO2 
gas showed that in this case, the only residue formed was Cl- (8.12 ±1.01 µg Cl-/g flesh). 
Chlorite and chlorate are the two anions of concern, of which, chlorite was not detected 
and chlorate was only present in the rind. The concentration of chlorate residues that 
were transferred to the flesh, when the treated cantaloupe was cut, was too low to be of 






CHAPTER 1. INTRODUCTION 
Cantaloupes have a significant nutritional value, being high in vitamin A, vitamin 
C, beta-carotene and potassium content. They also have a high water content and low 
caloric value. This could be one of the reasons that the annual US per capita consumption 
of cantaloupes increased from 5.8 lb to 11.3 lb between 1980 and 2002. (Bowen, Fry, 
Richards, & Beuchat, 2006). Cantaloupes are however, susceptible to bacterial 
contamination because they grow at ground level and can be easily exposed to bacteria in 
irrigation water or manure fertilizers. The rind of the cantaloupe is an irregular surface, 
which provides areas for bacterial cells to bind, survive and grow. These pathogens can 
then be transferred to the edible tissues/juices when the cantaloupe is cut.  Contamination 
can also occur upon exposure to equipment and food handlers during processing 
(Mahmoud, Vaidya, Corvalan, & Linton, 2008). This can be demonstrated by the fact that 
numerous foodborne illness outbreaks associated with cantaloupes have been reported 
over the past two decades. A study of the outbreaks reported by the Centers for Disease 
Control and Prevention reports that between 1984 and 2002, twenty-three outbreaks 
occurred with 1434 reported illnesses, 42 hospitalizations and two deaths. The agents 
involved in these outbreaks were Salmonella enterica, Campylobacter jejuni, Escherichia 




Recalls, Market Withdrawals and Safety Alerts, between 2004 and 2013 there have been 
21 cases of recalls involving whole cantaloupes due to possible contaminations from 
Listeria monocytogenes, Salmonella spp. and E. coli O157:H7. A list of these recent 
whole cantaloupe associated outbreaks/recalls reported by the FDA is shown in Table1.1 
and Table1.2.   
More recently in 2011 there was a multi-state outbreak of Listeriosis. The source 
of this outbreak was determined to be cantaloupes grown at Jensen Farms production 
fields in Granada, Colarado, due to which 146 people from 28 states were reported to be 
infected with any of the four outbreak associated strains of Listeria monocytogenes. In 
addition, thirty deaths were reported, in the age bracket of 48 to 96 years with a median 
age of 82.5 years, and one woman pregnant at the time of illness had a miscarriage. 
Accordingly, Jensen Farms issued a voluntary recall of the Rocky-Ford brand 
cantaloupes in September 2011. Further recalls of fresh cut cantaloupes and cut mixed 
fruit containing cantaloupes were also then required from Carol’s Cuts LLC, a Kansas 
food processor, and Fruit Fresh Up Inc., a New York food processor, because their 
products contained cantaloupes that originated from Jensen Farms (CDC, 2011).  
In 2012, another multistate outbreak was linked to cantaloupes from Chamberlain 
Farms, Owensville Indiana, due to Salmonella Typhimurium and Salmonella Newport 
infections. A total of 261 people from 24 states were infected with the outbreak strains, 
with 94 people being hospitalized and three deaths being reported in Kentucky. 
Chamberlain farms subsequently recalled their cantaloupes from the market and decided 











Heeren Brothers Produce, 
Grand Rapids, Michigan 
5400 cantaloupes recalled due to possible health risk to consumers. 
9/12/12 Salmonella DFI Marketing Inc., 
Fresno, California 
Voluntary recall of 28,000 cartons of bulk-packed cantaloupes due to 
potential of contamination, no illnesses reported.  
8/22/12 Salmonella Chamberlain Farms 
Produce Inc., Owensville, 
Indiana 
Voluntary withdrawal of cantaloupes from 2012 growing season. CDC 
reports 178 persons nationwide may have become sick in connection 
with consumption of these cantaloupes. 
8/10/12 Listeria 
monocytogenes 
Burch Equipment LLC, 
North Carolina 
Recall of  Athena cantaloupes and honeydew melons.  
6/24/11 Salmonella Eagle Produce, LLC, 
Scottsdale, Arizona 
Limited recall of certain cantaloupes shipped from Arizona to upstate 
New York. 1760 cartons of cantaloupes each containing 9 melons for 
sale in bulk with Kandy logo. 
9/14/11 Listeria 
monocytogenes 
Jensen Farms, Holly, 
Colorado 
Voluntary recall of Rocky Ford cantaloupe shipments 
3/22/11 Salmonella 
Panama 
Del Monte Fresh Produce 
N.A., Inc. (Del Monte 
Fresh), Coral Gables, 
Florida 
Voluntary recall of 4992 cartons of cantaloupes, following notification 
from FDA of epidemiologic link between cantaloupes and 12 reported 
cases of Salmonella Panama. 
10/21/10 Salmonella Del  Monte Fresh Produce 
N.A., Inc 
Voluntary recall of cantaloupes grown and shipped from Arizona to 
Detroit, Michigan. 81 cartons of cantaloupe each containing 15 
cantaloupes per carton were suspect. 
11/20/09 Salmonella Five Crowns Marketing, 
Brawley, California 
Voluntary recall of cantaloupes packed under the Majesty label due to 
possible health risk 
5/15/09 Salmonella L&M Companies, Inc., 
Raleigh, NC 









3/24/08 Salmonella Central American Produce, 
Inc., Pompano Beach, 
Florida 
Voluntary recall of cantaloupes grown, packed and shopped by 
independent third party grower Agropecuaria Montelibano of San 
Lorenzo Valle, Honduras. This resulted in multiple recalls from 
Bounty Fresh LLC; Chiquita Brands International, Inc., Cincinnati, 
Ohio; Tropifresh, Inc, Los Angeles, California; T.M. Kovacevich 
International, Inc., Philadelphia, Pennsylvania in the following days. 
 
2/23/07 Salmonella Castle Produce (subsidiary 
of Tropical Produce, Inc.), 
Los Angeles, California 
Recall of cantaloupes in California due to potential health concerns. 
Cantaloupes delivered on or after 2/16/2007 tested positive for 
Salmonella, no illness was reported. 
2/16/07 Salmonella Dole Fresh Fruit Company, 
Westlake Village, California 
Recall of cantaloupes in Eastern U.S. and Quebec since some 
cantaloupes packed by independent third party grower in Costa Rica 
tested positive for Salmonella. 
12/1/06 Salmonella Vandervoet & Associates, 
Inc, Rio Rico, Arizona 
Voluntary recall of cantaloupes due to possibility of being 
contaminated with Salmonella 
11/17/06 Salmonella Rio Vista, Ltd., Rio Rico 
Arizona 
Voluntary recall of Llano and Nature’s Partner brand cantaloupes due 
to possible Salmonella contamination 
11/14/06 Salmonella Timco Worldwide Inc., 
Woodland, California 
Voluntary recall of Sundia brand cantaloupe due to possible 





The environmental assessment inspection carried out in cooperation with Chamberlain 
Farms reported that the initial contamination possibly occurred in the production fields 
and was then spread by operations and practices within the packinghouse (FDA, 2013a).  
The FDA lists possible preventive control measures for the control and 
reduction/elimination of microbial hazards on fresh and fresh-cut produce. One of the 
listed methods is use of chlorine dioxide (ClO2) (FDA, 2013b). Inactivation of pathogens 
such as Salmonella, E. coli O157:H7, Listeria monocytogenes inoculated onto 
fruit/vegetable surfaces has been studied using both liquid and gaseous ClO2. For 
instance, a 5 log reduction of Salmonella enterica and Erwinia carotovora in freshly 
spot-inoculated tomatoes was noted when they were treated for 1 minute with 20 mg/L 
and 10 mg/L of aqueous  ClO2 respectively (Pao et al., 2007). Gaseous ClO2 is thought to 
have greater penetrability as compared to aqueous sanitizers and could therefore 
potentially reach microorganisms that are protected by surface irregularities or biofilms. 
Accordingly the use of gaseous ClO2 to inactivate microorganisms on fresh produce has 
been investigated. A few examples of this research are listed in Table 1.3. 
In the case of cantaloupes, a treatment of 5.0 mg/L ClO2 gas for 10 min achieved 
a 4.6 and 4.3 log reduction for E. coli O157:H7 and L. monocytogenes. A significant 
reduction (p<0.05) in the initial microflora of mesophilic bacteria, psychrotropic bacteria, 
yeasts and molds was also reported and also maintained for 12 days at 220C as compared 
to the untreated control during storage. The color of the whole cantaloupe was not altered 
by the treatment and the shelf life was also extended to 9 days as compared to 3 days for 





Table 1. 3 Select examples of microbial reduction in fresh produce via treatment with gaseous chlorine dioxide 







Green bell pepper E. coli O157:H7 1.24 30 90-95 6.45 Han, Sherman, et al. (2000) 
Green bell pepper E. coli O157:H7 1.20 30 90-95 >8.04 Han, Linton, et al. (2000) 
Green bell pepper Listeria monocytogenes 3.00 10 90-95 >6 Han, Linton  et al. (2001) 
Apple Listeria monocytogenes 4.00 10 90 3.2-5.5 Du et al. (2002) 
Lettuce 
Baby carrot 
E. coli O157:H7 1.00 15 80 2.31 
3.08 
Singh et al. (2002) 
Strawberry E. coli O157:H7 
Listeria monocytogenes 
Salmonella enterica 
5.00 10 90-95 4.6 
4.7 
4.3 
Mahmoud et al. (2007) 












Mahmoud et al. (2008) 




In general some of the advantages and disadvantages associated with the use of chlorine 
dioxide are listed in Table 1.4. 
 
Table 1. 4 Advantages and Disadvantages associated with the use of Chlorine Dioxide 
(White, 2010) 
Advantages  Disadvantages  
1. Effective fast acting broad 
spectrum bactericide 
1. More expensive as compared to 
chlorine 
2. More effective viricide than 
chlorine 
2. Inactivates Cryptosporidium but this 
requires high contact time at low 
temperatures 
3. Kills chlorine resistant pathogens 
(e.g. encysted parasites like 
Giardia) 
3. Cannot be transported as a 
compressed gas, must be generated 
on-site 
4. Does not react with ammonia 
nitrogen or with primary amines 
4. Depending on the method used to 
generate chlorine dioxide, 
significant amounts of free chlorine 
may be present, this could lead to 
formation of THMs 
5. Does not react with oxidizable 
organic material to form 
trihalomethanes (THMs) or 
haloacetic acids (HAAs) 
5. Primary inorganic byproducts are 
chlorite and chlorate.  Regulatory 
limits on these byproducts prohibit 
the use of high doses of ClO2 for 
disinfection purposes. 
6. Minimizes THM formation upon 
subsequent chlorination and 
enhances coagulation 
 
7. Excellent for phenol destruction, 
thus eliminates taste and odor 
problems in some potable water 
supplies 
8. Oxidizes iron and manganese. 
9. Superior to chlorine in presence of 
oxidant demanding organics. 
 
As mentioned in Table 1.4, one of the challenges associated with the use of 
chlorine dioxide to treat organic material such as fruits and vegetables, is that it may lead 
to the presence of inorganic byproducts (anions) in the treated product. The residues that 




chlorate (ClO3-) and perchlorate (ClO4-). While the effectiveness of ClO2 against various 
microorganisms present on food surfaces has been studied, there has not been much 




The main objective of this project was to identify and quantify the inorganic 
anions or chloroxyanions that would be present in cantaloupes that had been treated with 
chlorine dioxide gas. Treatment conditions selected were 5 mg/L of ClO2 gas for 10 
minutes at ambient temperature. This was based on previous research by Mahmoud et al 
(2008) for the inactivation of inoculated E. coli O157:H7, Listeria monocytogenes and 





CHAPTER 2.  LITERATURE REVIEW 
2.1 Chlorine Dioxide Properties 
Chlorine dioxide belongs to the family of seven oxycompounds known as the 
oxides of chlorine. It has an odd number of chlorine atoms and an unpaired electron 
making it a free radical. The various species in the oxides of chlorine family are shown in 
Table 2.1. 
 




Cl2O +1 Chlorine monoxide Hypochlorous acid anhydride 
ClO +2 Chlorine oxide Never isolated, t1/2 ~ 0.01 seconds 
Cl2O3 +3 Dichlorine trioxide Chlorous acid anhydride 
ClO2 +4 Chlorine dioxide, 
Chlorine peroxide 
Theoretical mixed anhydride of 
chlorous and chloric acids 
Cl2O5 +5 Dichlorine pentoxide Chloric acid anhydride 
ClO3 +6 Chlorine trioxide Dimerises to Cl2O6 
Cl2O7 +7 Dichlorine heptoxide Perchloric acid anhydride 
 
At ambient temperature, chlorine dioxide exists as a yellow-green gas but has a reddish 
color at higher concentrations. It has a displeasing, irritating and chlorine-like odor that 
can be easily detected at 0.1 ppmv in air. The short-term exposure limit (STEL) of 0.3 
ppmv can cause tears as well as coughing or throat irritation and at 5 ppmv it can be fatal 




Chlorine dioxide is highly soluble in water and its solubility depends on 
temperature and pressure. At room temperature it dissolves in water and exists as an 
undissociated molecule in aqueous solution.  At 250C it is about 23 times more 
concentrated in the aqueous solution than in the gas phase at atmospheric pressure (760 
mm Hg) under which it is in equilibrium. At 200C and atmospheric pressure the solubility 
limit of chlorine dioxide in water is about 70 g/L, but it is difficult to achieve this value 
and so the concentration would usually only be about 7 g/L at the same conditions (Gates, 
1998) (White, 2010).  
In addition, when ClO2 is in an aqueous solution, it will slowly hydrolyze to form 
anions, the type of anion being dependent on the pH of the solution. In highly alkaline 
(pH>10) aqueous solutions, chlorate and chlorite ions are formed while in neutral or near 
neutral (4<pH<10) solutions, chlorine dioxide is stable and exists as a free radical in 
water (USEPA, 2006) 
Chlorine dioxide is very sensitive to temperature, pressure and physical shock. It 
cannot be compressed without detonation and has induction period of a few seconds at 
aqueous concentrations above 4%. Compressed liquid ClO2 is also explosive at 
temperatures higher than 400C therefore it is impossible to store or ship it as a pure liquid 
or compressed gas. A decomposition reaction can occur if there is a spark and ClO2 is 
present in air at concentrations above ~4%. It is also explosively unstable at 
concentrations greater than 10% by volume in air or at a pressure greater than 76 mm Hg 
(Simpson, 2005) (White, 2010). Since ClO2 exists as a dissolved gas in aqueous solution, 




ClO2 are also subject to photolytic decomposition, which depends on both the time and 
intensity of ultraviolet component of the light source. A ClO2 solution will therefore only 
retain its strength if kept in a sealed container under dark refrigerated conditions (White, 
2010). The physical and chemical properties of ClO2 are listed in Table 2.2. 
ClO2 is also a strong and selective oxidant. It reacts by a one-electron transfer 
mechanism wherein it attacks electron rich centers in organic molecules and is reduced to 
ClO2- ion (Gordon & Rosenblatt, 2005). It therefore reacts purely by electrophilic 
abstraction and not by substitution reactions, as is the case with chlorine. Consequently, 
chlorinated organic byproducts such as trihalomethanes (THM), haloacetic acids (HAA), 
dioxins and furans are typically not produced when ClO2 reacts with organic compounds. 
Chlorine dioxide also does not react with ammonia, nitrogen or primary amines but will 
oxidize nitrite to nitrate. In comparison to ozone, high purity ClO2 does not oxidize 
bromide to bromate unless photolyzed, and aldehydes, ketones and ketoacids are 
produced at lower concentrations when natural organic matter (NOM) is oxidized with 
ClO2. Aqueous solutions of ClO2 prepared by the reaction of various substances in the 
solid/liquid state, may contain disinfection byproducts such as  free chlorine or other 
oxychlorine species. Solutions prepared by bubbling high purity chlorine dioxide gas into 
water, however, will have fewer disinfection byproducts. Other low molecular weight 
organic compounds have also been reported to be produced by ClO2 oxidation of NOM, 






Table 2. 2 Physical and Chemical Properties of Chlorine Dioxide (USEPA, 2006) 
Chemical Name Chlorine Dioxide, Chlorine (IV) oxide 
Chemical Formula ClO2 
Chemical Structure O = Cl = O 
CAS# 10049-04-4 
Molecular Weight 67.45 g/mol 
Color Gas phase: yellow green to orange 
Liquid phase: reddish-brown 
Melting Point -590C 
Boiling Point 110C 
Odor Strongly pungent, chlorine-like 
Physical State Gas at room temperature 
Density 1.64 g/mL at 00C (liquid) 
1.614 g/mL at 100C (liquid) 
Vapor pressure 490 mm Hg (00C) 
>760 mm Hg(250C) 
Stability Unstable, estimated half in water ~25 minutes 
Solubility(water) 3.01 g/L at 250C and 34.5 mm Hg 
 
2.2 Generation of Chlorine Dioxide 
Chlorine Dioxide is generated in two ways, by reduction of the chlorate ion 
(ClO3-) or by oxidation of the chlorite ion (ClO2-).  Most generators produce ClO2 from 
sodium chlorite (NaClO2) solutions. The primary reactions involved are between NaClO2 
and either gaseous chlorine (Cl2), hypochlorous acid (HOCl) or hydrochloric acid (HCl).  
2 NaClO2 + Cl2(g)  2 ClO2(g) + 2NaCl 
2 NaClO2 + HOCl  2ClO2(g) + NaCl + NaOH 
5 NaClO2 + 4 HCl  4 ClO2(g) + 5 NaCl + 2 H2O        (EPA, 1999) 
 
The classic equation describing formation of chlorine dioxide is :  
2 NaClO2 + Cl2 (g)  2 ClO2 (g) + 2 NaCl.  
This equation oversimplifies the reaction mechanisms occurring in most equipment but it 




generation of ClO2. It is important to note however that the efficiency of the generator 
will be affected by the formation of unwanted byproducts such as unreacted chlorite ion 
(ClO2-) , newly formed chlorate ion (ClO3-) or free chlorine (Cl2) (Gates, 1998).  
ClO2 can also be generated by acidification of NaClO2 solution. The final composition of 
ClO2 thus produced depends on NaClO2 concentration and purity, acid concentration, pH 
of the reaction and presence of chloride ion (Cl-). The stoichiometry for this reaction is 
shown as  
5 NaClO2 + 4 HCl  4 ClO2 + 5 NaCl +2 H2O.  
Hydrochloric acid is generally the reagent of choice for this acidification reaction because 
it has been shown to give better results as compared to using sulfuric acid, with ClO2 
yielding more than 77%. Chloride ion can also act as a catalyst to give a maximum 
possible yield of 80% of the ClO2 that theoretically could be produced from a reaction 
with the same amount of NaClO2 with Cl2.  (White, 2010) 
 
2.3 Applications 
Drinking water treatment: Chlorine dioxide has been used to treat drinking water ever 
since it was shown that the use of Cl2 resulted in the formation of certain harmful 
byproducts such as trihalomethanes (THMs) and haloacids (formed by chlorination 
reactions). Initially, ClO2, was used to control the taste and odors caused by presence of 
phenolic compounds and to oxidize the iron and manganese, however in order to provide 
an alternative to Cl2 it became necessary to investigate both the disinfection capability of 
chlorine dioxide as well the possibility of unwanted disinfection byproducts (DBP) 




formation and it also seemed to lower concentration of precursors to THMs. (Miltner, 
1976). This therefore spurred on the use of ClO2 for potable water disinfection. Chlorine 
dioxide is also effective as a disinfectant against Giardia, Crypotosporidium viruses and 
bacteria, which is advantageous for water treatment (White, 2010; Gordon & Rosenblatt, 
2005). 
 
Pulp Bleaching: Chlorine dioxide use in pulp bleaching is advantageous as compared to 
chlorine because strong bright white fibers are produced without production of dioxins, 
furans or adsorbable organic halides (AOX). Wastewater from well managed pulp and 
paper mills that use elemental chlorine free bleaching has been shown to be virtually free 
of dioxins and other perisistent bioaccumulative toxic substances. Any chlorine 
containing organic substances that are produced have a composition similar to those 
found in nature, degrade naturally and do not persist thus presenting negligible 
environmental risk to the aquatic ecosystem (Pryke, 2003). 
 
Food Processing: Chlorination of food processing water began at potato dehydration 
plants and then spread to fruit and vegetable canneries and frozen food packaging plants 
in the 1940s.  Cannery water was supplied through a once-through system however in an 
attempt to conserve water, a recycling system was developed and it became evident that 
the recycled water had high concentrations of ammonia. This made it difficult to 
implement breakpoint chlorination due to excessive chlorine consumption combined with 
generation of nitrogen trichloride, which spread to the working areas.  The first plant to 




Minnesota. It was seen that the ClO2 usage was effective in controlling bacteria growth 
and biofouling in pea and corn canneries, offensive odors were not produced in the plant, 
there were no off flavors in the product and multiple chlorination points were not 
required. Since then many processing plants have been retrofitted with chlorination 
systems or new ClO2 systems have been purchased. This includes all types of food 
processing and the dosages range from 2-8 mg/L. 
Chlorine dioxide is also effective for disinfection of poultry chiller water, known 
for its high content of organic matter. The US Food and Drug Administration has also 
approved its use for disinfection of some fruits and vegetables, such as those that are not 
raw agricultural commodities and will subsequently be rinsed, blanched, cooked or 
canned (White, 2010). 
Chlorine dioxide can also be used for late blight control in potatoes in the form of 
a soluble concentrate applied by spray mist of fogger (200 to 400 ppm) for potato rinse 
and humification water. It is specified however that no more than 20 gallons of product 
concentrate should be used per month to humidification water per 500 tons of potatoes in 
storage (USEPA, 2006).  
 
Other Uses: Apart from drinking water treatment, chlorine dioxide is a potent biocide 
that can be used for other applications such as wastewater treatment, industrial process 
water treatment, mollusk control, food processing, disinfection of food-handling 




Aqueous chlorine dioxide is used in industrial processes as a disinfectant for water 
treatment, ammonia plants, pulp mills, oil fields, scrubbing systems, odor control systems 
and the electronics industry. Chlorine dioxide gas is used to sterilize manufacturing and 
laboratory equipment, environmental surfaces, tools and clean rooms (USEPA, 2006). 
 





Target Pests Bacteria, fungi and algal slimes 
Use Site • Agricultural uses: disinfection of hard surfaces and equipment 
(hatching facilities and mushroom houses) and water systems 
(chiller water, humidification water in poultry houses) 
• Non-agricultural uses: commercial, industrial and medical uses 
including disinfection of ventilation systems, hard surfaces 
(floors, walls, laboratory equipment), water systems, pulp/paper 
mills and food rinses. 
• Residential: Disinfection of hard surfaces (floors, bathrooms), 
heating ventilating and air conditioning (HVAC) systems, 
treatment of pool and spa circulation systems. Continuous 
release gas products (sachet) are also available to control odors 









Equipment: foaming wand, sprayer, injector systems, mist and 
fogger, dip carcass, mop, pump, cloth and add to systems. 
Application rate: concentrations of chlorine dioxide and sodium 
chlorite range from 5ppm to 5000ppm 
Formulation 
types: 
Soluble concentrates and ready to use liquid solutions. 
 
 
One of the main concerns involving the treatment of water (and even organic matter) with 
chlorine dioxide is the formation of anionic DBP such as chlorite (ClO2-), chlorate    
(ClO3-), chloride (Cl-) and perchlorate (ClO4-). Based on various animal studies it has 




methemoglobin, decreased hematocrit, red blood cell membrane damage and reduction in 
RBC glutathione (Gates, 1998). Symptoms of chlorate poisoning include 
methemoglobinemia, anuria, abdominal pain and renal failture and the oral lethal dose of 
sodium chlorate for humans is 230 mg chlorate/kg body weight (WHO, 2005). Studies in 
rats have shown that the perchlorate anion can compete with the iodide ion for uptake 
into the thyroid gland and thus disrupt one or more steps in the synthesis and secretion of 
thyroid hormones. At high doses reduced production of thyroid hormones and a 
consequent increased in thyroid stimulating hormones occurs. This can lead to altered 
neurodevelopment , thyroid hyperplasia and tumors (Mattie et al. 2006) 
Due to the health hazards associated with these anionic compounds, regulations 
have been established by the US EPA, the US FDA and the World Health Organization. 
 
2.4 Regulations 
Most regulations are associated with water treatment since that has been the 
primary application for ClO2. Accordingly, the US EPA National Primary Drinking 
Water Regulations defines chlorite as a byproduct of drinking water disinfection with a 
permitted maximum contaminant level (MCL) of 1.0 mg/L. The National Secondary 
Drinking Water Regulations state that the maximum permitted level of chloride in water 
is 250 mg/L. This however is a non-enforceable guideline related to the cosmetic and 
aesthetic effects of drinking water and some states may or may not comply (EPA, 2009). 




the Drinking Water Candidate Contamination List and a primary drinking water 
regulation for perchlorate is being determined (EPA, 2011).  
The US FDA Code of Federal Regulations (CFR) 173.300 permits the use of 
chlorine dioxide for food applications provided it is produced by a reaction between 
aqueous sodium chlorite and chlorine gas or a mixture of sodium hypochlorite and 
hydrochloric acid, treatment of an aqueous solution of sodium chlorate with hydrogen 
peroxide in presence of sulfuric acid or by treatment of an aqueous solution of sodium 
chlorite by electrolysis. Chlorine dioxide is also permitted as an additive to wash fruits 
and vegetables that are not raw agricultural commodities such that residual chlorine 
dioxide does not exceed 3 ppm, so long as these products are subsequently treated with a 
potable water rinse, blanched, cooked or canned. It may also be used as an antimicrobial 
agent in water for poultry processing not exceeding 3ppm residual chlorine dioxide. With 
regards to daily intake, the World Health Organization has established the tolerable daily 
intake values for chlorite and chlorate in drinking water as 0.03 mg/kg of body weight per 
day (WHO, 2005). 
It is therefore necessary to investigate the nature and amounts of residues that will 
be present in products that are being treated with chlorine dioxide gas before this 
technology can be safely implemented. 
 
2.5 Analytical Methods 
Due to the health effects caused by exposure to these substances, a number of 




water have been identified.  These include ion chromatography, flow injection analysis, 
chemiluminescence as well as titration and colorimetric methods.  Current standard 
methods for analysis of potable water are listed in Table 2.4. 
 





Standard Methods (18th Edition)- 4500-ClO2 C, Amperometric 
Method I 
Standard Methods (18th Edition)-4500-ClO2 D, DPD Method 
Standard Methods (18th Edition)-4500-ClO2 E, Amperometric 
Method II 
Chlorite Ion USEPA Method 300.0, 300.1 
Chlorate Ion USEPA Method 300.0, 300.1 
 
2.5.1 Standard Method 4500-ClO2 C, Amperometric Method I 
This is an amperometric titration method that uses a dual platinum electrode 
assembly to measure parts per million (mg/L) concentrations of residual oxychlorine 
species when ClO2 is applied to water and wastewater treatment. As the titrant is added, 
the current changes based on reaction of phenylarsine oxide (PAO) with the oxyhalogen 
(chlorine or iodine, if KI is present). Upon completion of the reaction, a constant current 
is recorded and this is the endpoint of the titration.  This is a sequential titration method 
that can be used to measure the various oxyhalogen species by altering the pH of the 
sample. The sample can be titrated for total free available chlorine by first raising the 
sample to pH12 (thereby decomposing ClO2 to ClO2- and ClO3-) and then lowering the 




with the addition of potassium iodide (once the sample has been lowered to pH 7). The 
potassium iodide reacts with monochloramine to produce iodine, which is titrated. In a 
third sample, buffered at pH 7, KI is added and the sample is tested for free chlorine, 
monochlomaine and one-fifth the ClO2. In a fourth sample, potassium iodide is added but 
the sample is at pH 2, where free chlorine, chloramine, ClO2 and ClO2- ion react to give 
iodine which is titrated by PAO (Gates, 1998).  
 
2.5.2 Standard Method 4500-ClO2 D, DPD Method.  
This method is an extension of the N,N,-diethyl-p-phenylenediamine (DPD) 
method for determination of free chlorine and chloramines in water. This is a pH 
dependent method wherein at pH 6.2 to 6.5 glycine is added to the sample to eliminate 
intereference from chlorine (glycine rapidly reacts with Cl2 to become chloraminoacetic 
acid, which does not react further). Ethylenediamine (EDTA) is then added to complex 
interfering metal ions and then DPD is added to the titration flask. The sample is titrated 
with standardized ferrous ammonium sulfate (FAS). Similar to the amperometric titration 
method, addition of KI to different samples can be used to determine chlorine and 
combined chlorine concentrations. Addition of glycine permits determination of ClO2 
and if the sample is acidified then addition of sodium bicarbonate can be used to 
determine ClO2- ion via titration (Gates, 1998). 
 
2.5.3 Standard Methods (18th Edition)-4500-ClO2 E, Amperometric Method II 
This is similar to the Amperometric Method I where successive titration are 




variations in sample pH and using KI. The titrants used are either phenylarsine oxide or 
sodium thiosulfate and the total mass of the oxidant species shouldn’t be greater than 15 
mg if this method is being used (Gates, 1998). 
 
2.5.4 USEPA Method 300.0 Ion Chromatography 
Samples that need to be analyzed for ClO2- and ClO3- ions need to be first purged 
with nitrogen to displace ClO2 and then further treated with ethylenediamine (EDA) to 
preserve the concentration of chlorite for up to 14 days. The samples (25 to 200 µL) are 
then injected into the eluent at 1.0 mL/min, is passed through a metal-free column to 
remove dissolved metals and a guard column before separation on the analytical column. 
An anionic micromembrane suppressor is used with a weak sulfuric acid regenerant 
solution at 10 mL/min and the anions are detected by conductivity. ClO2- and ClO3- ions 
can be measured from 0.05 to 1.0 mg/L using this method (Gates, 1998). 
 
2.5.5 USEPA Method 300.1 Determination of Inorganic Anions in Drinking Water by 
Ion Chromatography 
A sample is introduced to an ion chromatography system consisting of a guard 
column, analytical column, suppressor device and conductivity detector. The anions of 
interest are thus separated and measured.  The ion chromatography system specified 
consists of the Dionex AG9-HC (2mm or equivalent) anion guard column, the Dionex 
AS9-HC (2 mm or equivalent) anionic separator column, the Dionex Anion Self 
Regenerating Suppressor (ASRS) or an equivalent suppressor device and the Dionex 




mM. Stock standard solutions of chlorite (ClO2-), chlorate (ClO3-), chloride (Cl-) are 
prepared and used to prepare calibration curves that can then be used to determine 
concentrations of the respective species in sample to be analyzed. This method for 
determination of inorganic anions in drinking water by ion chromatography has been 
adapted and used for analysis of ClO2-, ClO3-, Cl- in commodities (e.g. plums, mulberries 
to name a few) treated with ClO2, by various researchers. Details of this research are 
discussed further in Section 2.6 of this chapter. The limitations of this method include 
interference from naturally present substances that are a part of the complex food matrix 
of the treated product, thus restricting the limit of detection possible. 
 
2.5.6 Other Analytical Methods 
I. Spectrophotometry: The molar absorptivity of ClO2 is 1250 M-1cm-1 at the 
maximum absorbance wavelength of 359 nm. This can be used to determine the 
concentration of ClO2 based on the absorbance of the sample in a 
spectrophotometric cell with known pathlength. UV-Vis spectrophotometers can 
be used to measure the transmittance or absorbance of a sample. Transmittance is 
the measure of light that passes through a sample as compared to a blank 
reference sample, which is usually the pure solvent in absence of the sample. 
Actual concentration of ClO2 is then calculated using the Beer-Lambert law. With 
a 2 cm measuring cell, the maximum ClO2 concentration that can be reliably 
measured is about 50 mg/L.  
II. Redox Flow Injection Analysis (FIA): This is used to measure ClO2, Cl2, ClO2- 




an automated procedure that uses iodometry.  The sample (40-200 µL) is injected 
into a carrier stream of doubly distilled water, which is then merged with a 
reagent to establish the pH of the system. This combined stream is then merged 
with an iodide ion reagent stream. The iodide ion is oxidized to iodine by the 
oxychlorine species and this iodine is measured spectrophotometrically at 360 nm. 
The FIA manifold is a closed system so air oxidation of the iodide ion reagent is 
minimized. This method can be used to measure ClO2- and ClO3- ions from 0.05 
to 5.0 mg/L with a 0.01 mg/L detection limit. 
III. Colorimetric Methods 
a. Acid Chrome Violet Potassium Salt (ACVK): is decolorized by ClO2 
and can be used to measure its concentration in wastewater effluents. 
ClO2- and ClO3- ions do not interfere, free chlorine interferes minimally 
and ozone will interfere with the measurement. 
b. Chlorophenol Red: At pH 7, chlorophenol red is selective for ClO2 in the 
presence of HOCl (5 mg/L), OCl-(10 mg/L), ClO2-(50 mg/L), Fe3+ (10 
mg/L), chromates (50 mg/L) and manganese (10 mg/L). 
c. Amaranth: is a colorimetric indicator. It reacts selectively with chlorine 
dioxide (mg/L concentrations). At levels normally found in drinking water, 
ClO2-, ClO3-, monochloramine and Fe3+ do not interfere. Freely available 
chlorine will react with amaranth but at a slower rate than ClO2 so 
selectivity for ClO2 can be improved by the use of flow injection analysis. 
d. Lissamine Green B (LGB): ClO2 decolorizes the LGB green dye and this 




combined chlorine this reaction is specific to ClO2. Concentrations of 0.1 
to 1.0 mg/L ClO2 in the treated water can be measured (Gates, 1998). 
These methods however have been outlined for potable water analysis. They may not be 
as reliable or effective when considering analysis of food commodities such as 
cantaloupes, since there can be significant interference due to the organic material present.  
 
2.6 Previous Work: Detection of Chloroxyanion Residues in Foods Treated with ClO2 
Inorganic and biological materials found in raw water react rapidly with ClO2 
resulting in chloride (Cl-) and chlorite (ClO2-) ions as the dominant degradation species. 
Chlorate (ClO3-) ions can be formed as well  (Gordon, Slootmaekers, Tachiyashiki, & Iii, 
1990). The residues present in produce treated with ClO2 (aqueous and gaseous 
treatments) has been evaluated in various studies. In one such study, the most effective 
treatment for prolonging shelf life of plums using ultraviolet light (UV) and ClO2 was 
determined and the chloroxyanion residues in plums treated under those conditions was 
determined. The plums were immersed in an ultrasonic chamber containing aqueous 
ClO2 at 40 mg/L for 10 minutes and simultaneously subjected to 100 W (40 kHz) 
ultrasonic treatment. To determine the concentration of ClO2, ClO2- and ClO3- residues, 
the fruits were peeled, external skin and flesh collected and then homogenized with 
deionized water 5 times their weight for 30s. The water extract thus obtained was 
collected, filtered and analyzed by ion chromatography for ClO2- and ClO3- residues 
(LOD=0.01 mg/L of filtrate). The ClO2 content was also determined by the DPD (N,N-




below limit of detection so ClO2 was less than 0.24 mg/kg while ClO2- and ClO3- were 
less than 0.06 mg/kg (Chen & Zhu, 2011). It is important to note however that this 
method used aqueous ClO2 that was prepared by using a commercial product, the 
composition of which was not clearly specified. The actual ClO2 treatment therefore 
cannot be easily verified. In addition, the ADI for chlorate is 0.03 mg/kg body weight per 
day. This tolerance limit is established based on the human health risk assessment from 
all sources, including food, drinking water and other possible sources. This study 
determined that the concentration of chlorate in the treated product was below the limit of 
detection (0.06 mg/kg). A lower limit of detection would provide a better estimate of the 
ClO3- ion exposure associated with the use of this treatment. 
In another study, the most effective ClO2 treatment for extending the shelf life of 
mulberry fruit was determined to be 60 mg/L for 15 minutes. After treatment the 
mulberries were homogenized with deionized water for 30s, the water extract filtered 
with 0.22 um filter and the filtrate collected and analyzed for ClO2- and ClO3- residues by 
ion chromatography (LOD=0.05 mg/L filtrate, 0.30 mg/kg mulberry fruit). Chlorine 
dioxide residual concentration was also determined by iodimetry standard method 
(LOD=0.1 mg/L filtrate, 0.6 mg/kg mulberry fruit). No ClO2, ClO2- or ClO3- residues 
were detected above the limits of detection (Chen, Zhu, & Han, 2011). Once again a 
lower limit of detection would provide a better estimate of the exposure to the 
chloroxyanion residues of concern. 
A similar method of analysis was used to identify ClO2- and ClO3- residues on 




investigated. The first was treatment with air that had been passed through acidified oxine 
(mixture of chlorite and chlorine dioxide) and the second was treatment with air that had 
been passed through a plastic chamber filled with acidified oxine mist generated with an 
atomizer. The skins of the potatoes were blended with water 5 times their weight, the 
water extract filtered and analysed using an ion chromatographic system. Based on the 
assumption that the ClO2 only penetrated skin deep, it was determined that both ClO2- 
and ClO3- residues in the treated potatoes were below the limit of detection (0.07 ppm) 
(L.S. Tsai, C.C. Huxsoll, 2001) 
Chlorine dioxide byproducts/residues present in produce treated with ClO2 gas 
has been previously evaluated for certain produce (lettuce, cantaloupe, strawberries, 
hydroponic tomatoes, red delicious apples, alfalfa sprouts and navel oranges). Treatment 
conditions for each product were based on ClO2 gas concentration and exposure times, 
determined in previous studies, to produce 3-5 log reductions in surface pathogens. ClO2 
gas was generated by passing 2% chlorine gas through 3 sodium chlorite cartridges in 
series, the gas was circulated with a fan and relative humidity maintained at 90-95%. 
After treatment the products were rinsed with distilled water in a beaker to remove ClO2 
and byproducts.  This water was analyzed using the DPD method (LOD 0.04 mg ClO2/L) 
for ClO2 and by ion chromatography for the presence of Cl-, ClO2- and ClO3- anions 
(LOD 0.01 mg ClO2-/L, 0.01 mg ClO3-/L and 2 mg Cl-/L).  
The residues on the surface of the products were also monitored over time- day 0 
(after treatment), day 1 (24 hours later) and day 14. For hydroponic tomatoes, the 




that there was no significant difference (p>0.05) in the concentration of the three types of 
residues between treated and control samples. For navel oranges Cl-, ClO2-, ClO3- levels 
were not significantly different from the control. In the case of red delicious apples Cl- 
and ClO2- residues were not significantly different from the control, but ClO3- levels 
were, and remained so, for the two week duration of the study. Strawberries, lettuce, 
alfalfa sprouts and cantaloupes on the other hand, showed surface residues that were 
significantly higher than those in the control samples. It was also noticed that for 
strawberries and cantaloupes the concentration of Cl-, ClO3- and ClO2- residues 
decreased over time, while for alfalfa sprouts and lettuce, concentration of Cl- and ClO3- 
residues decreased after 24 hours but increased again after 14 days (Trineta et al. 2010).  
In this study it was reported that there was interference from the color of the 
rinsewater when determining ClO2 concentrations (particularly in the case of 
strawberries). In addition, these results only represent the surface residues seen on the 
products treated with chlorine dioxide gas. To determine the true exposure to 
chloroxyanion residues that would occur via consumption of the treated produce, it is 
important to know the actual residue content in the tissues of the product.  
 
2.7 Project Analytical Method  
The objective of this project was to identify and quantify the chloroxyanion 
residues (ClO2-, Cl-, ClO3- and ClO4-) that may be present in cantaloupes that had been 
treated with ClO2 gas (5mg/L at 10 minutes, ambient temperature) These conditions were 




reduction in E. coli O157:H7 and L. monocytogenes and also resulted in the maintenance 
of a significant reduction in the initial microflora of mesophilic bacteria, psychrotropic 
bacteria, yeasts and molds when stored for 12 days at 220C as compared to the untreated 
control (Mahmoud et al., 2008). 
In order to facilitate the identification and quantification of the residues that 
would be formed, radiolabeled chlorine dioxide (36ClO2)  gas was generated by the 
acidification of radiolabeled sodium chlorite (Na36ClO2) with hydrochloric acid (HCl) 
and used to treat the cantaloupe. The treated cantaloupe was then cut in half, with one 
half being further separated into rind and flesh portions. These three portions (rind, flesh, 
mixed) were separately blended to give slurry samples. Aliquots of the slurry samples 
were measured for radioactivity and separate aliquots were centrifuged to obtain the 
liquid fraction (serum). The serum was then fractionated via ion chromatography. The 
fractions were collected in liquid scintillation vials as they eluted off an anion exchange 
column. The radioactivity in each vial was determined via liquid scintillation counting 
(LSC) and the nature of the species in each vial was corroborated via the chromatogram 
obtained. This use of radiolabeled material facilitated the determination of the chlorine 
based residues that were added to the cantaloupe via treatment with 36ClO2. This helped 
reduce interference caused by naturally present substances in the food system and 





CHAPTER 3. PRELIMINARY EXPERIMENTS 
3.1 Introduction 
The objectives were to treat cantaloupe with chlorine dioxide gas (5 mg/L for 10 
minutes), to recover the radioactivity used in the experiment and to identify and quantify 
the chloroxyanion residues in the treated cantaloupe.  
Radiolabeled chlorine dioxide (ClO2) gas was generated by acidification of a 
mixture of sodium [36Cl] chlorite solution and solid non-radiolabeled sodium chlorite 
with 6M hydrochloric acid (HCl). The resulting radiolabeled ClO2 gas was used to treat 
three different cantaloupes in an airtight treatment apparatus in a chemical fume hood. 
Gas samples were taken during treatment and the gas concentration was also monitored 
by an optical ClO2 gas sensor. The chloroxyanion residues formed in the treated 
cantaloupe were identified and quantified using ion chromatography and liquid 
scintillation counting. This chapter discusses three experiments in which a cantaloupe 
was treated and analyzed (one cantaloupe per experiment). The treated cantaloupes are 






3.2 Materials and Methods 
3.2.1 Materials 
3.2.1.1 Radiolabeled Materials 
Sodium [36Cl] Chlorite Solution (Radiolabeled Sodium Chlorite Stock Solution) 
A Sample ACE-040 36Cl-NaClO2 Reduction flask #3 was prepared at USDA-ARS 
lab in Fargo, ND and supplied to our lab. The method of preparation for this solution is 
outlined in Appendix A. The specific activity of the radiolabeled solution was 
20,249.16±897.92 DPM/uL, in terms of disintegrations per minute per unit volume and 
19,932.76±709.80 DPM/µg in terms of disintegrations per minute per unit weight. This 
was determined as outlined in Appendix B. The % distribution of species in this 
radiolabeled solution was determined to be 98.44±0.12 % chlorite and 1.56±0.12% 
chloride and the ionic composition of the solution was determined to be 4.5737 mg 
chlorite/mL. These values were obtained by experiments outlined in Appendix C. 
 
3.2.1.2 Non-radiolabeled Materials 
I. Sodium chlorite (CAS # 7758-19-2) Sigma-Aldrich (St. Louis, MO) conforms to 
ACS specifications (77.6% purity). The purity of this material was verified as 
outlined in Appendix D. 
II. Sodium chloride (CAS #: 7647-14-5) Mallinckrodt Chemicals (ACS grade) 
III. Sodium chlorate (CAS #: 7775-09-9), Sigma-Aldrich (St. Louis, MO) ACS 
reagent >99.0% 




V. Sodium Hydroxide (50% w/v) (NaOH CAS # 1310-73-2, Water CAS # 7732-18-5) 
VWR 
VI. 30% Hydrogen Peroxide Aqueous solution with 30-32% hydrogen peroxide, 
Macron Fine Chemicals (ACS) (CAS # Water: 7732-18-5, CAS # H2O2: 7722-
84-1) 
VII. Hydrochloric acid reagent grade 37%, Sigma-Aldrich (CAS#: 7647-01-0) 
VIII. Ultima GoldTM Liquid Scintillation Fluid (LSC fluid), PerkinElmer 
IX. Sodium thiosulphate pentahydrate (Sigma) CAS#: 10102-17-7   
 
3.2.1.3 Test Commodity  
Cantaloupes (Cucumis melo var. cantalupensis) were purchased from local 
grocery store. They were weighed and their total volume determined by water 
displacement. The control sample was another cantaloupe of the same kind, obtained 
from the same grocery store on the same day, but not subjected to any treatment with 
chlorine dioxide gas. 
 
3.2.2 Methods 
3.2.2.1 Liquid Scintillation Counter (LSC) 
A Packard Model TriCarb 1900 liquid scintillation counter (LSC) was used to 
analyze the radioactive samples. The LSC was calibrated for 36Cl using an NIST-
traceable quench curve (10 points) using standards prepared by Analytics, Inc. (Atlanta, 




samples was established and saved on the LSC. Details of the protocol are outlined in 
Appendix E. 
 
3.2.2.2 Ion Chromatography (IC) 
A chromatography system (Dionex Corporation, CA) was used for separation of 
chloroxyanion residues in the samples. This system consisted of a GP50 Gradient Pump 
(Dionex Corporation, CA) with standard bore PEEK pump heads, a CD20 Conductivity 
detector (Dionex Corporation, CA) with an ASRS 300 ionic suppressor (Dionex 
Corporation, CA) in the external water mode, contained in an LC20 Chromatography 
Enclosure (Dionex Corporation, CA). The IonPac AG11-HC guard column (Dionex 
Corporation, CA) and AS11-HC analytical column (Dionex  Corporation, CA) were used 
for detection and separation of ClO2-, Cl- and ClO3- while the IonPac AG16 guard 
column (Dionex Corporation, CA) and the IonPac AS16 analytical column (Dionex 
Corporation, CA) were used for detection and separation of ClO4-. The specifications of 
the IC system for analysis of these anions is shown in Table 3.1. The sample loop volume 
for the AS16 column was verified as outlined in Appendix F.  
 
Table 3. 1 Specifications for the use of IC system 
Column AS11-HC + AG11-HC AS16 +AG16 
Eluent 30 mM NaOH 35 mM NaOH 
Eluent flowrate 1.0 mL/min 1.0 mL/min 
Sample loop 25 µL 0.71 mL 
ASRS-300 current 100 mA 100 mA 






3.2.2.3  [36Cl] Chlorine Dioxide Gas Treatment of Test Commodity 
Treatment System 
A ClO2 gas treatment system was designed and set up for treatment of cantaloupes 
with 36ClO2. The schematic for this system is shown in Figure 3.1. 
The system consisted of a gas generation chamber (1L glass Ball Jar), a 5.67 L stainless 
steel treatment chamber (Presto, WI) and an optical chlorine dioxide sensor (Model AF26, 
optek-Danulat, GmbH, WI, USA) connected with Teflon tubing (McMaster Carr Supply 
Co, IL). The gas generation chamber rested on a magnetic stir plate and contained a silica 
crucible into which the reactants were added and mixed using a magnetic stir bar. The 
circulation of gas in the system was facilitated with two vacuum pressure pumps 
(P1:Vacuum Pressure Pump 663U, Model No. 420-1901, Thermo Scientific; P2:Vacuum 
Pressure Pump 663U, Model No. 400-1901, Barnant Company, Barrington, IL). Tubing 
was attached to the lid of the treatment chamber and fitted with two clamps (one on the 
end closest to the lid and the other on the end further away) to permit extraction of gas 
samples during treatment of the test commodity. The system was airtight and was set up 
in a chemical fume hood. Data from the ClO2 sensor was recorded on a computer. The 
first two treatments (Melon1, Melon2) had gas samples taken only from above the 
treatment chamber. Thereafter, a septum was attached to the line between A and B (refer 
to Figure 3.1) to permit gas sample extraction from above the gas generation chamber as 
well. During each treatment, three gas samples were taken at regular intervals (every 










• V1,V2,V3,V4,V5- one way valves 
• P1,P2- Vacuum Pressure pumps 
• Trap1: 0.61 M Sodium hydroxide+ 30% Hydrogen peroxide (13.33:1 by 
volume) 
• Trap2: N/10 Sodium thiosulphate 
• Gas Generation Loop:  
G-F-E-D-C-B-A-G (V1- open, V2,V3,V4,V5-closed) 
• Treatment Loop: 
 G-F-E-D-C-M-L-K-J-I-H-B-A-G (V2,V3-open, V1,V4,V5-closed) 
• Purging of gas after treatment:  
H-I-J-K-N-O-P-Q-R-S-T (V4,V5,V1-open, V2,V3-closed) 




Treatment Conditions  
 Radiolabeled chlorine dioxide gas (36ClO2) was generated inside the 1 L gas generation 
chamber by the acidification of a mixture of sodium [36Cl] chlorite solution and solid 
non-radiolabeled sodium chlorite, with 6M HCl. Quantity of each reactant was calculated 
based on the concentration of gas needed (5 mg/L) and the target limit of detection (0.3 
ppm ClO2- in the serum). Preliminary experiments were conducted using this treatment 
system to determine if the calculated values of the initial reactants resulted in production 
of the desired concentration of chlorine dioxide gas. These experiments were also carried 
out to determine whether or not the ClO2 gas would interact with the cantaloupe during 
treatment. The amounts of the reactants used in preliminary experiments (Melon1, 
Melon2, Melon3) are shown in Table 3.2. The calculations used to determine these values 
are outlined in Appendix H. 
The required amount of solid NaClO2 was weighed and transferred to the silica crucible 
in the gas generation jar. The sodium [36Cl] chlorite solution was pipetted into the same 
crucible and the two were allowed to mix (using the magnetic stir bar).  Thereafter, the 
software for the ClO2 optical sensor was initiated, the desired volume of 6M HCl acid 
was added to the same crucible and the lid of the gas generation chamber was 
immediately closed and tightened. The pump between gas generation jar and the optical 
sensor was turned on to allow the gas to circulate in the gas generation loop and reach a 
steady state concentration. After 15 min, the valves to the treatment chamber were 
opened so that the gas now entered the treatment chamber where the test commodity 




mg/L for a total treatment time of 10 min. During treatment, gas samples were taken from 
above the treatment chamber using plastic syringes. The syringes were filled with 3 mL 
of 0.1 N sodium thiosulphate (Na2S2O3) solution and then 3 mL of gas was extracted 
from the chamber. This was repeated every 3 min to obtain gas samples at three different 
time points during treatment. 
 
Table 3. 2 Reaction Conditions and Melon Parameters for Preliminary Experiments 
(Melon1, Melon2, Melon3) 
Melon Parameters Reaction Conditions 


































1773.97 2.0 0.0730 1.0 1.0 1253.60 
 
Post Treatment- Traps and Rinses 
Following treatment, the valves to the treatment chamber (V2 and V3) were closed and 




gas from the treatment chamber was pumped out of the chamber into two successive trap 
solutions. The first trap solution was a mixture of 0.61 M sodium hydroxide (NaOH) and 
30% hydrogen peroxide(H2O2) in a 13.33:1 ratio (v:v) and its purpose was to trap the 
ClO2 gas as ClO2-. The use of this trap was established based on preliminary experiments 
as outlined in Appendix I. The second trap solution was N/10 Na2S2O3 and this was used 
to trap any gas (not absorbed by the first trap) in the Cl- form. After purging the gas, the 
treatment chamber was opened and the treated cantaloupe was removed.   
The treatment chamber was then closed and the remaining ClO2 gas (in the generation 
loop) was purged into the two trap solutions. Once the gas concentration fell to 0 mg/L 
(as shown by the optical ClO2 sensor) the reaction chamber was opened and rinsed with a 
mixture of 0.61 M NaOH and 30% H2O2 (13.33:1 v:v). The treatment chamber was 
rinsed with the same solution. After treatment of the first cantaloupe (Melon1) it was 
observed that the total recovery of radioactivity from the re-rinse solution was fairly low 
(<1%) and it was determined that only one rinse of the reaction chamber for subsequent 
experiments was necessary. These rinse solutions and trap solutions were collected and 
diluted to a total volume of 500 mL in standard volumetric flasks.  
 
Post Treatment- Sample Preparation of Treated Commodity 
Cutting and Blending: After treatment, the cantaloupe was halved. For one half, the 
exocarp (rind) and mesocarp (flesh) were separated from each other to give ‘rind’ and 
‘flesh’ samples, while in the other half the rind and flesh were left as is, to give a ‘mixed’ 




samples were weighed and put in labeled plastic tubs. They were then blended separately 
using a food processor (Cuisinart) to give ‘mixed slurry’, ‘rind slurry’ and ‘flesh slurry’ 
samples that were then stored in the same plastic tubs. This process was repeated for the 
control cantaloupe sample as well to give a ‘control mixed slurry, ‘control rind slurry’ 
and a ‘control flesh slurry’. Note that in the case of the rind, 40 mL of DI water (18.0 
megaohm-cm) was added, to the entire sample, during processing, to facilitate easier 
chopping by the food processor, when making the slurry. The weight of this added water 
was taken into account when calculating the concentration of residues. The mass of 
mixed, rind and flesh slurry for Melon1, Melon2 and Melon3 are shown in Table 3.3. 









Melon1 669.02 281.51 500.12 
Melon2 831.55 356.02 729.31 
Melon3 895.73 269.41 646.66 
*Rind weight does not include 40 g of DI water added during blending. 
 
Centrifugation: The slurry samples were then centrifuged to separate the liquid and solid 
components. Approximately, 25g of treated and control ‘mixed’, ‘rind’ and ‘flesh’ slurry 
samples were centrifuged at 12,000 rpm for 20 minutes. The supernatant obtained for 
each sample was decanted off into preweighed centrifuge tubes. ‘Treated flesh serum’, 
‘treated rind serum’, ‘treated mixed serum’,  ‘control flesh serum’, ‘control rind serum’ 




Analysis of Samples 
Gas samples: Aliquots (1mL) of the 0.1N Na2S2O3 solution in the syringes used for gas 
sample collection were placed in 20 mL liquid scintillation vials. Fifteen mL of Ultima 
Gold LSC fluid was added to each vial and they were analyzed on the LSC. 
 
Traps and Rinses: Aliquots (1 mL) of the two trap solutions, the treatment chamber 
rinse solution and the gas generation chamber rinse solution were transferred to 20 mL 
LSC vials. Fifteen mL of Ultima Gold LSC fluid was added to each vial and they were 
analyzed on the LSC. 
 
Slurry and Serum: Aliquots (~0.25 g) of rind, flesh and mixed slurries (treated and 
control) were placed in 20 mL LSC vials. They were treated with 1 mL of 30% H2O2 and 
placed in a hot air oven for 5 h at 55-600 C. This digestion method was used in order to 
prevent color quenching. An explanation for the selection of this treatment is outlined in 
Appendix J. Upon removal from the oven, they were allowed to cool to room temperature 
and then 15 mL of Ultima Gold LSC fluid was added to each vial. They were then 
analyzed on the LSC to determine total radioactivity. Aliquots (1 mL) of each of the rind, 
flesh and mixed serum samples (treated and control) were transferred to 20 mL LSC vials 
and 15 mL of Ultima Gold LSC fluid was added to each vial. These vials were then 
analyzed on the LSC to determine total radioactivity. 
 
Chloroxyanion Species: The serum samples were analyzed for presence of chloride (Cl-), 




conjunction with liquid scintillation counting (LSC). The retention time of each anion 
(Cl-, ClO2-, ClO3- and ClO4-) was determined by injection of standard solutions of known 
concentrations on the respective IC columns (AS11 for Cl-, ClO3-, ClO2- ;AS16 for ClO4-
). An AS11 spiking solution consisting of three species (Cl-, ClO3-, ClO2-) was prepared 
using the sodium salts of the corresponding anions and filtered using IonPac Acrodisc 
syringe filters. These were mixed and dissolved in 100 mL DI water to prepare the 
spiking solution. DI water (18.0 megaohm-cm) and the spiking solution were then mixed 
(9:1 v:v) and then injected onto the IC (AS11 column setup) to verify retention times of 
the species. Similarly for the AS16, a spiking solution consisting of Cl-, ClO3-, ClO2- and 
ClO4- was prepared and filtered with IonPac Acrodisc syringe filters. It was then mixed 
with DI water (13:10, v:v) and injected onto the IC (AS16 column setup). The mass of 
salts used to prepare the spiking solutions is shown in Table 3.4.  
 
Table 3. 4 Spiking solution composition for analysis on AS11+AG11 and AS16+AG16 
Ion Chromatography columns. 
 AS11 spiking solution AS16 spiking solution 
Salt NaClO2 
(g) 








Melon1 0.1346 0.1690 0.1277 0.0450 0.0407 0.0421 0.0534 
Melon2 0.1724 0.1645 0.1276 0.0407 0.0497 0.0365 0.0405 
Melon3 0.1734 0.1703 0.1279 0.0401 0.0405 0.0451 0.0482 
Salts for each spiking solution were mixed and dissolved in 100 mL DI water. 
 
 
The treated ‘rind serum’, ‘flesh serum’ and ‘mixed serum’ samples were also filtered 
using IonPac Acrodisc syringe filters. Aliquots of these filtered serum samples were 




samples and injected onto the IC, for each column setup. Based on the retention time of 
each species, the fractions eluting off the column were collected in liquid scintillation 
vials after which 15 mL of Ultima Gold LSC fluid was added to each fraction/aliquot and 
then they were analyzed on the LSC. 
The AS16 reduces the retention time for perchlorate as compared to the AS11 but also 
does not permit easy separation of the other three anions, so the purpose of analyzing 
serum samples on this column was to detect ClO4-. The volume of sample that could be 
used with the scintillation fluid was limited to 1mL and ClO4- elution occurred over a 
couple of minutes, so detection of this anion was determined from more than one fraction 
eluting off the AS16 column. The anions elute off the column mixed with the eluent, 
however it was determined that the eluent would not cause any quenching effect 
(reduction of counts) that would interfere with the radioactivity detected, as outlined in 
Appendix K.  
Data received from the LSC for each of these samples was then used to determine 
the %distribution of residues (Cl-, ClO3-, ClO2-  and ClO4-) in each serum sample. This 
was then used to calculate the actual composition of residues in the treated cantaloupe.  
The entire experimental procedure followed is outlined in the flowchart shown in Figure 
3.2. A sample calculation that shows how residue concentrations were determined is 
outlined as follows. The explanation of the calculation for each section is followed by 











3.3 Sample Calculation for Analysis of Data 
 
3.3.1 Gas Samples 
I. 3 mL of Gas samples were extracted into syringes containing 3mL of N/10 
thiosulphate solution and 1 mL aliquots of the mixture was sampled in LSC vials. 
II. Output of data from Liquid Scintillation Counter 
• DPM1 (disintegrations per minute in region A) 
• CPMB (counts per minute in region B) 
• tSIE (Quench indicating parameter) 
Region A(0 to 709 keV) and Region B (2.0 to 709 keV) represent the two regions 
of detection in terms of energy of the isotope. Region B has a lower limit of 2.0 
keV so there is reduced background interference, making it the region of interest 
for radioactive counts.  
III. Quenching refers to the reduction in number of photons produced during liquid 
scintillation counting or in other words, the decrease in efficiency of energy 
transfer by the aromatic solvent in which the radiolabeled analyte is present. The 
two main types of quench are chemical and color quench. Quench curve standards 
were used to generate quench curve and provide an efficiency vs tSIE curve, 
where tSIE is a quench indicating parameter. Therefore with known tSIE for a 
given sample the efficiency could be calculated. (Quench curve data shown in 
Appendix E).  




V. Background counts- using control samples (no radioactivity) give Background 
DPM2 (bDPM2).  This is done in triplicate. So we have Avg bDPM2 ± s.d(bkg). 
VI. Limit of detection or LOD (DPM)= avg bDPM2 + 3 x s.d.(bkg) 
VII. If the Gross DPM2> LOD (DPM), then Net DPM2= (Gross DPM2)- (Avg. 
bDPM2) 
VIII. DPM per unit volume = Net DPM2/volume of aliquot (mL). Two ~1 mL aliquots 
were measured for radioactivity for each time point of gas sampling. These were 
used to calculate average (avg.) Net DPM2/mL. 
IX. ClO2 gas concentration (mg/L)= (avg. Net DPM2/mL )÷ Unit activity (dpm/µg 
chlorite).  
X. %recovery of radioactivity= (avg Net DPM2/mL) x total volume (3 mL) x 100/ 
total activity(Net DPM) used in reaction, where 
• If ‘V’ mL of Sodium [36Cl] Chlorite Solution was used for initial reaction 
• Total activity (Net DPM) in reaction= ‘V’ mL x 20,249 DPM/µL x 1000 
where 20,249 DPM/µL is the radioactivity per unit volume of the Sodium 
[36Cl] Chlorite Solution and was determined as shown in Appendix B  
• 1 uCi = 2.22 x 106 DPM 
 
An example calculation is shown in Table 3.5 and Table 3.6 wherein data from Melon3 




































- - - 1 1.000 27.5 515 96.00 28.65 - - - - 
- - - 1 0.985 28.1 514 96.00 29.27 - - - - 
- - - 1 1.008 28.1 513 96.00 29.27 - - - - 
Average         29.06     
Stdev         0.36     
              
              
Gas 
Sample 
18 3 3 1 1.1860 9277.7 505 95.99 9665.3 9636.2 9636.2 7.69  
18 3 3 1 1.0683 5107.8 511 95.99 5321.2 5292.1 5292.1 4.22  
Average         7493.2 7464.2 7464.2 5.96 0.03 
Stdev         3071.7 3071.7 3071.7 2.45  
              
Gas 
sample 
21 3 3 1 1.0298 5683.4 512 95.99 5920.8 5891.7 5891.7 4.70  
21 3 3 1 1.0906 5784.3 508 95.99 6025.9 5996.8 5996.8 4.78  
Average         5973.4 5944.3 5944.3 4.74 0.02 
Stdev         74.3 74.3 74.3 0.06  
              
Gas 
sample 
24 3 3 1 1.0307 7036.4 511 95.99 7330.3 7301.2 7301.2 5.82  
24 3 3 1 1.0440 5554.3 509 95.99 5786.3 5757.2 5757.2 4.59  
Average         6558.3 6529.2 6529.2 5.21 0.03 


































18 3 3 1 1.2100 9947.6 506 95.99 10363.2 10334.1 10334.1 8.24  
18 3 3 1 1.1121 6049.8 506 95.99 6302.5 6273.4 6273.4 5.00  
              8332.9 8303.8 8303.8 6.62 0.03 
              2871.3 2871.3 2871.3 2.29  
                       
Gas 
sample 
21 3 3 1 1.090 9095.3 509 95.99 9475.3 9446.2 9446.2 7.54  
21 3 3 1 0.9913 5420.8 514 96.00 5646.7 5617.6 5617.6 4.48  
              7561.0 7531.9 7531.9 6.01 0.03 
              2707.2 2707.2 2707.2 2.16  
                       
Gas 
sample 
24 3 3 1 1.0217 8095.5 511 95.99 8433.7 8404.6 8404.6 6.70  
24 3 3 1 1.0039 4066.6 511 95.99 4236.5 4207.4 4207.4 3.36  
         6335.1 6306.0 6306.0 5.03 0.03 





3.3.2 Trap and Rinse Solutions 
I. Aliquots (1 mL) of each of the trap and rinse solutions were placed in LSC vials 
and counted for radioactivity using a Liquid Scintillation Counter. 
II. Output of data from Liquid Scintillation Counter 
• DPM1 (disintegrations per minute in region A) 
• CPMB (counts per minute in region B) 
• tSIE (Quench indicating parameter) 
Region A(0 to 709 keV) and Region B (2.0 to 709 keV) represent the two regions 
of detection in terms of energy of the isotope. Region B has a lower limit of 2.0 
keV so there is reduced reduced background interference, making it the region of 
interest for radioactive counts. 
III. Quenching refers to the reduction in number of photons produced during liquid 
scintillation counting or in other words, the decrease in efficiency of energy 
transfer by the aromatic solvent in which the radiolabeled analyte is present. The 
two main types of quench are chemical and color quench. Quench curve standards 
were used to generate quench curve and provide an efficiency vs tSIE curve, 
where tSIE is a quench indicating parameter. Therefore with known tSIE for a 
given sample the efficiency could be calculated.(Quench curve data shown in 
Appendix E) 
IV. Gross DPM2= CPMB/ %efficiency 
V. Background counts or control samples (no radioactivity) give Background DPM2 
(bDPM2).  The control solutions used for peroxide/hydroxide traps was 0.61 M 




was N/10 Sodium thiosulphate solution. Each control was tested in triplicate so 
we have Avg bDPM2 ± s.d(bkg). 
VI. Limit of detection (DPM)= avg bDPM2 + 3 x s.d.(bkg) 
VII. If the Gross DPM2> LOD (DPM), then Net DPM2= (Gross DPM2)- (Avg. 
bDPM2) 
VIII. DPM per unit volume = Net DPM2/volume of aliquot (mL) 
IX. Total activity DPM= Net DPM2/mL x total volume of trap solution 
X. %Recovery of radioactivity= total activity in trap x 100 / activity used in reaction 
• If ‘V’ mL of Sodium [36Cl] Chlorite Solution was used for initial reaction 
• Activity in reaction= ‘V’ mL x 20,240 dpm/µL x 1000 
• 1 uCi = 2.22 x 106 DPM 
 
An example calculation is shown in Table 3.7 and Table 3.8 wherein data from Melon3 







































0.9947 1 25.80 516 96.00 26.88 - - - - - - - 
0.9945 1 26.30 512 95.99 27.40 - - - - - - - 
1.1624 1 24.70 505 95.99 25.73 - - - - - - - 
Average 1.0505     26.67        
Stdev 0.0969     0.85        
              
              
Trap2 1.0026 1 242.70 517 96.00 252.81 226.14 225.55 226.14 0.05 0.05 0.16 0.16 
0.9934 1 239.00 518 96.00 248.96 222.29 223.77 222.29 0.05 0.05 0.16 0.15 
1.0252 1 252.30 511 95.99 262.84 236.17 230.36 236.17 0.05 0.05 0.16 0.16 
Average 1.0071        254.87 228.20 226.56 228.2 0.05 0.05 0.16 0.16 
Stdev 0.0164     7.17 7.17 3.41 7.17 0.00 0.00 0.00 0.01 






1.0107 1 548.70 513 96.00 571.56 544.89 539.12 544.89 0.12 0.13 0.37 0.38 
1.0185 1 565.10 511 95.99 588.71 562.04 551.83 562.04 0.13 0.13 0.38 0.39 
1.0154 1 554.70 512 95.99 577.87 551.20 542.84 551.20 0.12 0.13 0.38 0.39 
Average 1.0149     579.38 552.71 544.60 552.71 0.12 0.13 0.38 0.39 
Stdev 0.0039     8.67 8.67 6.53 8.67 0.01 0.00 0.01 0.01 
              
              




Table 3. 8 Calculations for peroxide/hydroxide (0.61 M NaOH+ 30% H2O2 13.33 :1 by volume) based trap and rinse solutions used 





































1.0013 1 23.90 513 96.00 24.90 - - - - - - - 
1.0134 1 23.80 512 95.99 24.79 - - - - - - - 
1.0436 1 26.70 508 95.99 27.82 - - - - - - - 
Average 1.0194     25.84 LOD 31.00      
Stdev 0.0218     1.72        
              
Trap1 1.0390 1 49957.6 515 96.00 52039.1 52013.3 50060.9 52013.3 11.56 11.71 35.21 35.68 
1.0172 1 48786.0 512 95.99 50824.0 50798.2 49939.2 50798.2 11.53 11.44 35.13 34.84 
1.0182 1 48743.7 516 96.00 50774.7 50748.8 49841.7 50748.9 11.51 11.43 35.06 34.81 
Average 1.0248        51212.6 51186.8 49947.3 49947.31 11.53 11.53 35.13 35.11 
Stdev 0.0123        716.23 716.23 109.83 109.83 0.03 0.16 0.08 0.49 






1.0416 1 30816.0 512 95.99 32103.3 32077.5 30796.4 32077.5 7.12 7.98 21.70 24.29 
1.0398 1 30894.3 514 96.00 32181.6 32155.7 30924.9 32155.7 7.15 8.00 21.79 24.35 
1.0374 1 30727.9 514 96.00 32008.2 31982.4 30829.3 31982.4 7.13 7.95 21.72 24.22 
Average 1.0396        32097.7 32071.9 30850.2 32071.9 7.13 7.98 21.74 24.29 
Stdev 0.0021        86.80 86.80 66.76 86.80 0.02 0.03 0.05 0.07 
              
Total weights and volumes of the trap solutions for Melon3: 
1. Thiosulphate trap solution-, 505.97g, 500 mL 
2. Peroxide trap solution- 512.74 g, 500 mL 
3. Reaction chamber rinse-513.54g, 500 mL 
4. Treatment chamber rinse (0.61 M NaOH+ 30% H2O2 




3.3.3 Slurry and Serum Samples 
I. 1 mL aliquots of serum and ~0.25 g aliquots of slurry were placed in LSC 
vials and counted for radioactivity using a Liquid Scintillation Counter. 
II. Output of data from Liquid Scintillation Counter 
• DPM1 (disintegrations per minute in region A) 
• CPMB (counts per minute in region B) 
• tSIE (Quench indicating parameter) 
III. Quench curve standards were used to generate quench curve (efficiency vs 
tSIE). Therefore with known tSIE for a given sample the efficiency could be 
calculated. Region B represents the region of interest for the Cl-36 isotope (as 
explained in previous sections) and so efficiency for this region was 
determined and used for further calculations. (Quench curve data shown in 
Appendix E) 
IV. Therefore, Gross DPM2= CPMB / %efficiency 
V. Background counts (bDPM2) were obtained in triplicate using control slurry 
and serum samples (no radioactivity).  
VI. The Limit of detection (LOD) therefore was {avg bDPM2 + 3 x [s.d.(bkg)]} 
dpm 







VIII. The Net radioactivity per unit weight and unit volume can also then be 
determined: 
• Net DPM2/wt of sample (g) = Net DPM2/g 
• Net DPM2/volume of sample (mL)= Net DPM2/mL 
IX.  The Unit activity in terms of DPM/µg chlorite is determined from the amount 
of radiolabeled and nonradiolabeled chlorite that is used in the reaction that 
generates the 36ClO2. It is used to determine the mass of chlorite represented 
by the radioactivity in a sample. Therefore the total concentration of residues 
in chlorite equivalents can be determined in serum and slurry samples as 
follows: 
(Net DPM2/gslurry )÷ Unit activity (DPM/µg chlorite)= µg chlorite equiv/g slurry  
(Net DPM2/gserum )÷ Unit activity (DPM/µg chlorite)= µg chlorite equiv/g serum 
X. Total activity DPM = Net DPM2/g x total weight of slurry; 1 
uCi=2.22x106DPM 
XI. %Recovery of radioactivity= total activity in slurry x 100 / total activity in 
reaction 
• If ‘V’ mL of Sodium [36Cl] Chlorite Solution was used for initial reaction 
• Total activity (Net DPM) in reaction= ‘V’ mL x 20,249 dpm/µL x 1000 
• 1 uCi = 2.22 x 106 DPM 
 
Note: During blending of the rind- 40 mL of DI water (18.0 megaohm-cm) was added 
to facilitate the blending of the rind pieces. Therefore the concentration of residues 




Therefore for rind slurry, Actual chlorite equivalents µg/g = calculated µg/g chlorite 
equivalents x Weight of  (rind+water mix)/ Weight of rind. 
Example calculations for concentration of residues in the mixed, rind and flesh slurry 
samples are shown in Table 3.9, 3.10 and 3.11. Similarly, example calculations for 
the concentration of residue in the mixed slurry serum, rind slurry serum and flesh 




Table 3. 9 Melon3 calculations for Mixed Slurry samples. Total weight of mixed slurry=895.73 g 
Table 3. 10 Melon3 calculations for Rind Slurry samples. Total weight of rind slurry=303.76 g 





















0.4157 29.20 313 95.58 30.55 - - - - - 
0.4870 25.70 307 95.52 26.91 - - - - - 
0.4076 28.10 326 95.69 29.37 - - - - - 
Average 0.4368    28.94 LOD 34.52    
Stdev 0.0437    1.86      




0.4230 5646.90 309 95.54 5910.51 5881.57 13904.42 11.09 5.61 17.09 
0.4063 2860.50 310 95.55 2993.72 2964.78 7297.02 5.82 2.94 8.97 
0.5432 4967.00 295 95.41 5205.95 5177.01 9530.58 7.60 3.85 11.71 
Average 0.4575       4703.39 4674.45 10244.01 8.17 4.13 12.59 
Stdev 0.0747       1522.0 1521.95 3360.98 2.68 1.36 4.13 




















0.3696 27.70 348 95.86 28.90 - - - - - 
0.3231 27.70 359 95.93 28.88 - - - - - 
0.3031 26.70 353 95.89 27.84 - - - - - 
Average 0.3319       28.54 LOD 30.37    
Stdev 0.0341       0.61        
           
Treated 
Rind Slurry 
0.3525 9834.10 379 96.02 10241.72 10213.18 28973.56 26.06 3.96 12.07 
0.3094 8833.50 376 96.01 9200.60 9172.06 29644.67 26.67 4.06 12.35 
0.3402 10472.80 370 95.99 10910.30 10881.76 31986.36 28.77 4.38 13.33 
Average 0.3340       10117.54 10089 30201.53 27.17 4.13 12.58 




Table 3. 11 Melon3 calculations for Flesh Slurry samples. Total weight of flesh slurry=646.66 g. 
Table 3. 12 Melon3 calculations for Mixed Slurry serum 




















0.4070 25.60 306 95.51 26.80 - - - - - 
0.4510 26.90 290 95.36 28.21 - - - - - 
0.4230 25.30 298 95.44 26.51 - - - - - 
Average 0.4270       27.17 LOD 29.9    
Stdev 0.0223       0.91        
             
Treated 
Flesh Slurry 
0.4706 100.60 308 95.53 105.31 78.14 166.04 0.13 0.05 0.15 
0.5498 116.60 297 95.43 122.18 93.64 170.32 0.14 0.05 0.15 
0.5465 126.10 296 95.42 132.15 103.61 189.59 0.15 0.06 0.17 
Average 0.5223      119.88 91.80 175.32 0.14 0.05 0.16 
Stdev 0.0448      13.57 12.83 12.54 0.01 0.01 0.01 




















1.0224 1 35.60 480 96.00 37.08 - - - - 
1.0440 1 33.70 472 96.01 35.10 - - - - 
1.0349 1 32.20 478 96.00 33.54 - - - - 
Average 1.0338        35.24 LOD 40.55   
Stdev 0.0108        1.77       




1.0143 1 7691.20 423 96.08 8005.00 7969.76 7857.40 7969.76 6.27 
1.0459 1 8005.50 428 96.08 8332.12 8296.88 7932.77 8296.88 6.33 
1.0418 1 8019.60 431 96.08 8346.79 8311.55 7978.07 8311.55 6.36 
Average 1.0340     8227.97 8192.73 7922.75 8192.73 6.32 




Table 3.13 Melon3 calculations for Rind Serum 
Table 3.14 Melon3 calculations for Flesh Serum 
Sample 
 




















0.2089 0.2 25.10 548 96.10 26.12 - - - - 
0.2116 0.2 27.00 546 96.09 28.10 - - - - 
0.2133 0.2 27.50 544 96.08 28.62 - - - - 
Average 0.2113     27.61 LOD 31.57   
Stdev 0.0022     1.32       
           
Treated 
Rind Serum 
0.1166 0.2 2723.90 568 96.19 2831.79 2804.18 24049.57 14020.90 19.18 
0.2116 0.2 4949.40 546 96.09 5150.80 5123.19 24211.67 25615.95 19.31 
0.2291 0.2 5280.80 544 96.08 5496.25 5468.64 23870.10 27343.20 19.04 
Average 0.1858     4492.95 4465.34 24043.78 22326.68 19.18 
Stdev 0.0605     1448.94 1448.94 170.86 7244.68 0.14 





















1.0156 1 34.40 469 96.01 35.83 - -   
1.0328 1 34.50 470 96.01 35.93 - -   
1.0167 1 33.90 462 96.03 35.30 - -   
Average 1.0217     35.69 LOD 36.71   
Stdev 0.0096     0.34       
           
Treated Flesh 
Serum 
0.8932 1 179.20 460 96.03 186.61 150.92 168.97 150.92 0.13 
1.0378 1 198.40 459 96.03 206.60 170.91 164.68 170.91 0.13 
1.0425 1 194.20 459 96.03 202.23 166.54 159.75 166.54 0.13 
Average 0.9912        198.48 162.79 164.47 162.79 0.13 




3.3.4 Fractionation of Residues via Ion Chromatography 
Slurry samples were centrifuged and the liquid supernatant (serum) thus 
obtained was filtered with IonPac Acrodisc syringe filters (VWR), and injected onto 
the analytical columns of the IC. An aliquot of the filtered serum was sampled and 
then mixed with a spiking solution of known concentration of ClO2-, Cl-, ClO3- ions 
(which was also filtered).  
The retention time for each of these anions was previously determined by 
mixing the spiking solution with a sample of DI water that was equal to the volume of 
serum that would be taken during analysis. Based on retention times determined for 
the species on the day of experimentation, the fractions were collected in scintillation 
vials, and the radioactivity in each fraction was determined by liquid scintillation 
counting. Examples of chromatograms obtained are shown in Fig 3.3 and 3.4. These 
are chromatograms for Rind Serum, Melon3 on both AS11 and AS16 analytical 
columns. Serum samples on their own gave a chromatogram that did not permit 
identification of each specific anion (due to presence of various other peaks). 
Therefore the retention times were used to determine what species was being 
collected and this was cross-checked with the end of a peak on the chromatogram 
obtained. The Net DPM2 was calculated for each fraction and the sum or total Net 
DPM2 recovered from injection of a sample was determined. These values were then 























These calculations were carried out as outlined in Table 3.15 and Table 3.16. For 
Table 3.15 T1, D1, A1 represent the gross activity (DPM2) for the chlorite, chloride 
and chlorate fractions, C(bkg) is the average gross activity from the corresponding 
control sample, s.d. (bkg) is the standard deviation value, T2, D2, A2 are the Net 
activity counts for the chlorite, chloride and chlorate fractions and T%, D% and A% 
represent the % distribution for each of the species. 
 
 
Table 3. 15 AS11+AG11 Ion chromatography:  
Determination of Net DPM2 value and %species distribution 
Fraction Gross activity 
DPM2 











D1 If D1>LOD, then D1-
C(bkg)=D2 








Total  T2+D2+A2 100 
LOD= C(bkg) + 3 x s.d.(bkg) in DPM units 
LOD (µg chlorite/mL)= [3 x s.d (bkg) DPM / Unit activity (DPM/µg chlorite)]/serum 
volume (mL) 
LOD (µg chloride/mL)= LOD (µg chlorite/mL) x 35.5/67.5 
LOD (µg chlorate/mL)=LOD (µg chlorite/mL) x 83.5/67.5 
 
 
To determine the presence/absence of perchlorate, the AS16 analytical and AG16 
guard columns were used. This column was used since the retention time for 
perchlorate is much lower (as compared to that on the AS11 analytical column) 
however it does not permit easy separation of chloride, chlorate and chlorite anions 




determined from this column, and they would be collected over various fractions that 
eluted off the column.  
For Table 3.16 C1 represents the Gross activity for the mixture of chloride, chloride 
and chlorate and P1 represents the Gross activity for the perchlorate fraction. C(bkg) 
is the average gross activity from the corresponding control sample, s.d. (bkg) is the 
standard deviation value, C2 and P2 are the Net activity counts for the corresponding 
species while C% and P% represent the % distribution for each of the species. 
 
 
Table 3. 16 AS16+AG16 Ion chromatography:  










C1 If C1>LOD, then   
C1- C(bkg)=C2 
C%=C2x100/(C2+P2) 
Perchlorate P1 If P1>LOD, then  
P1-C(bkg)=P2 
P%=P2 x 100/ (C2+P2) 
Total  C2+P2 100 
 
LOD= C(bkg) + 3 x s.d.(bkg) 
LOD (µg chlorite/mL)= [3 x s.d (bkg) DPM / Unit activity (DPM/ µg 
chlorite)]/serum volume (mL) 
LOD(µg perchlorate/mL)= LOD (µg chlorite/mL) x 99.5/67.5 
 
 
The concentration of residues in the slurry (i.e. mixed slurry represents the 
melon, flesh slurry represents the flesh, rind slurry represents the rind) the 
concentration of residues was determined using the % distribution of the species as 
was determined via ion chromatography. The working assumption here is that the % 




The mass conversion factors were once again used to convert ClO2- equivalents to Cl-, 
ClO3-, ClO4- concentrations. 
1. ClO2- (µg chlorite/g) = T% x µg chlorite/g slurry 
2. Cl- (µg chloride/g) = D% x µg chlorite/g slurry x (35.5/67.5) 
3. ClO3- (µg chlorate/g) = A% x µg chlorite/g slurry x (83.5/67.5) 
4. ClO4-( µg perchlorate/g) = P% x µg chlorite/g slurry x (99.5/67.5) 
The total slurry and total serum samples were obtained in triplicate, so Net DPM, Net 
DPM/g, Net DPM/mL and therefore µg chlorite equivalents/g serum and µg chlorite 
equiv/g slurry were also in triplicate. Chlorite concentrations determined were in 
triplicate, giving average concentrations with standard deviation. For preliminary 
results (Melon1, Melon2, Melon3), only one injection of each serum sample was 
carried out on each of the columns. 
For example, the mixed serum sample analysis (Melon3) on AS11 involved 
preparation of a spiked serum sample as shown in Table 3.17. The limit of detection 
values (µg species/mL) of serum was calculated and are shown in Table 3.18. The 
weights of the fractions collected and their corresponding radioactive counts (DPM) 
as well as the determination of species distribution in a given sample is shown in 
Table 3.19. 
Table 3. 17 Preparation of spiked serum sample 
Sample Volume 
(mL) 




Serum 0.24 0.2552 70.67 70.59 
Spiking 
solution 
0.1 0.1059 29.33 29.41 





Table 3. 18 Limit of detection values for residues  in mixed 





Species  LOD value :  µg species/mL 
































1 2-2.99  16.1270 17.1028 0.9758 30.60 530 96.03 31.87 <LOD 0 
2 3-3.99 Chlorite 16.2544 17.2521 0.9977 28.40 528 96.03 29.57 <LOD 0 
3 4-4.99 Chloride 16.1488 17.1177 0.9689 155.9 527 96.02 162.36 127.12 100 
5 5-5.99  16.1372 17.1370 0.9998 27.20 524 96.02 28.33 <LOD 0 
6 6-6.99  16.2389 17.2042 0.9653 26.70 525 96.02 27.81 <LOD 0 
7 7-7.99  16.0720 17.0768 1.0048 29.50 515 96.00 30.73 <LOD 0 
9 8-8.99 Chlorate 16.1576 17.1590 1.0014 37.40 516 96.00 38.96 <LOD 0 
10 9-9.99  16.1581 17.1283 0.9702 21.90 512 95.99 22.81 <LOD 0 
11 10-10.99  16.2906 17.2705 0.9799 27.90 512 95.99 29.07 <LOD 0 
 
Control= 35.24 ±1.77 DPM (n=3) ; Therefore LOD (DPM)=40.55  
Net DPM2/g: 7922.75 ± 60.96 (n=3) ;  Net DPM2/mL: 8192.73 ± 193.24 (n=3) 





Similarly for the determination of perchlorate residues the AS16+AG16 Ion 
chromatographic columns were used. For the example shown (Melon3) the preparation of 
the spiked serum sample is shown in Table 3.20 and the Limit of detection values in 
Table 3.21. The weights of the fractions collected and their corresponding radioactive 
counts (DPM) as well as the determination of species distribution in a given sample is 
shown in Table 3.22.  












Table 3. 21 Limit of Detection Values for Mixed 







Based on the AS11 and AS16 results the %distribution of residues in samples was 
established and used to determine the %composition of residues in the serum. The 
assumption is that the %distribution of species is the same in both the slurry (solid and 
liquid components) as it is in just the liquid serum portion.  
Sample Vol. 
(mL) 


















Total 1.4 1.4577 100 100 



































1 2-2.99   16.1406 17.1165 0.9759 28.2 520 96.01 29.37 <LOD 0 
2 3-3.99   16.0523 17.0522 0.9999 56.2 518 96.00 58.54 23.30 0.51 
3 4-4.99 Chlorite, 
Chloride, 
Chlorate 
16.1708 17.1671 0.9963 3801.2 523 96.01 3959.17 3923.93 86.40 
5 5-5.99 16.1836 17.1481 0.9645 548.1 520 96.01 570.88 535.64 11.79 
6 6-6.99 16.1921 17.1814 0.9893 75.5 491 95.99 78.65 43.41 0.96 
7 7-7.99 16.2238 17.2221 0.9983 48.5 508 95.99 50.53 15.29 0.34 
9 8-8.99   16.1505 17.1247 0.9742 31.5 514 96.00 32.81 <LOD 0 
10 9-9.99   16.2971 17.2892 0.9921 34.1 512 95.99 35.52 <LOD 0 
11 10-10.99   16.1288 17.1114 0.9826 29.4 510 95.99 30.63 <LOD 0 
13 11-11.99 Perchlorate 16.2034 17.1830 0.9796 27.9 514 96.00 29.06 <LOD 0 
14 12-12.99 Perchlorate 16.1920 17.1719 0.9799 29.4 511 95.99 30.63 <LOD 0 
15 13-13.99   16.2394 17.2165 0.9771 31.4 512 95.99 32.71 <LOD 0 
17 14-14.99   16.2042 17.1935 0.9893 26.4 513 96.00 27.50 <LOD 0 
18 15-15.99   16.1086 17.0795 0.9709 27.3 513 96.00 28.44 <LOD 0 
19 16-16.99   16.2479 17.2316 0.9837 29.7 510 95.99 30.94 <LOD 0 
21 17-17.99   16.1955 17.1696 0.9741 22.4 515 96.00 23.33 <LOD 0 
22 18-18.99   16.1463 17.1514 1.0051 29 513 96.00 30.21 <LOD 0 
23 19-19.99   16.2413 17.2096 0.9683 25.5 515 96.00 26.56 <LOD 0 
         Total recovered 4541.57 100 
Control: 35.24±1.77 DPM (n=3) ; Net DPM2/g: 7922.75±60.96 (DPM); Net DPM2/mL: 8192.73±193.24 DPM 




The concentration of residues for the mixed slurry, rind slurry, flesh slurry samples could 
then be determined and Table 3.23 shows the values observed for the Melon3 experiment. 
 
Table 3. 23 Determination of residue concentration µg/g in mixed slurry, rind slurry and 

































0 100 0 0 11.09 <LOD 5.83 <LOD <LOD 
0 100 0 0 5.82 <LOD 3.06 <LOD <LOD 
0 100 0 0 7.60 <LOD 4 <LOD <LOD 
Avg.     8.17 <LOD 4.3 <LOD <LOD 
Stdev     2.68 - 1.41 - - 
          
Rind  0 91.26 7.52 0 26.06 <LOD 12.51 2.42 <LOD 
0 91.26 7.52 0 26.67 <LOD 12.8 2.48 <LOD 
0 91.26 7.52 0 28.77 <LOD 13.81 2.68 <LOD 
Avg.     27.17 <LOD 13.04 2.53 <LOD 
Stdev     1.42 - 0.68 0.14 - 
          
Flesh 0 0 0 0 0.13 <LOD <LOD <LOD <LOD 
0 0 0 0 0.14 <LOD <LOD <LOD <LOD 
0 0 0 0 0.15 <LOD <LOD <LOD <LOD 
Avg.     0.14 <LOD <LOD <LOD <LOD 






3.4.1 Gas Samples 
The concentration of ClO2 gas during treatment was determined by obtaining gas 
samples and by using the optical ClO2 gas sensor. The time window of treatment was 15-
25 minutes (with respect to the total experiment time) since valve to the treatment 
chamber was opened at t=15 min. Figures 3.5, 3.6, 3.7 show the variation of ClO2 gas 
concentration over time as determined by the sensor and radioactivity measurements 
from gas samples for Melon1, Melon2 and Melon3 experiments respectively. From these 
plots it can be seen that for all treatments, the initial ClO2 concentration (Optek Sensor 
values) used to treat the cantaloupe, was above 5 mg/L and then decreased during 
treatment. For Melon1 and Melon2, gas samples taken from above the treatment chamber 
and values obtained from the ClO2 gas sensor were compared. For Melon3, gas samples 
were also taken from above the gas generation chamber.   
 
Figure 3. 5 ClO2 gas concentration(mg/L) during treatment of Melon1. 





Figure 3. 6 ClO2 gas concentration(mg/L) during treatment of Melon2. Error bars denote 
standard deviation
 
Figure 3. 7  ClO2 gas concentration(mg/L) during treatment of Melon3. Error bars denote 




The concentration of ClO2 as determined by sampling from the treatment 
chamber is in agreement with the values obtained from the optical sensor for Melon1 and 
Melon3. In the case of Melon2, however, the gas sample values are much lower than the 
sensor values. In each treatment, due to the change in volume that occurred when the 
valve to the treatment chamber was opened, there is an initial rapid drop in gas 
concentration during which time the sensor adjusts to the change in gas concentration. To 
estimate the mean gas concentration during treatment of the commodity, the data 
obtained from the sensor was fit to a linear equation, using data points after the initial 
rapid drop had ceased. The linear fit, average gas concentration and the range of time and 
gas concentration data used are shown in Table 3.24. 
 
Table 3. 24 Evaluation of average gas concentration during treatment of 
Melon1, Melon2, Melon3 
Melon 
Num 
Equation for gas 
conc. (mg/L) Vs time 
(min) 





 avg ± s.d. 
(mg/L) 
1 Y=-0.2011x + 8.8752 
(R2=0.98) 
5.72 to 3.97 mg/L 
16.50 to 25 min 
4.67±0.49 
2 Y=-0.3004x + 10.51 
(R2=0.98) 
5.54 to 3.12 mg/L 
17.33 to 25 min 
4.15±0.67 
3 Y=-0.1666x + 9.4466 
(R2=0.99) 
6.91 to 5.32 mg/L 
16.10 to 25 min 
6.02±0.43 
 
If we consider the slope of the equation for gas concentration variation during 
treatment time, the total effective volume during treatment and the overall treatment time, 
the mass of gas being absorbed per unit time and the total mass of gas absorbed can be 
estimated. This can then be used to estimate the mass of ClO2 absorbed per unit mass of 























µg  of 
absorbed 
ClO2/ g of 
Cantaloupe 
Melon1 1.5 1469.63 0.2011 5.17 8.84 6.02  
Melon2 2.0 1932.10 0.3004 4.67 10.76 5.57  
Melon3 2.0 1773.97 0.1666 4.67 6.92 3.90 
 
 
3.4.2 Trap and Rinse Solutions 
The radioactivity recovered from the trap and rinse solutions for each experiment 
was determined. The peroxide/hydroxide trap (Trap1) and the thiosulphate trap (Trap2) 
were used to capture the gas after treatment of the cantaloupe. The %recovery from each 
component of the experiment i.e. the gas samples, the treatment chamber, the gas 
generation chamber (reaction chamber), the trap solutions as well as the treated melon, 
was calculated, and is shown in in Table 3.26. Trap1(Peroxide/Hydroxide trap) captured 
a significant amount of radioactive gas, with values ranging from 11-35%. Trap2 
(Thiosulphate trap) on the other hand, did not show any radioactivity for Melon1 and 
Melon2 but the Melon3 experiment had a low recovery of 0.16%. This recovery in Trap2 
for Melon3 is believed to be due to experimental error which resulted in entrailing or 
carryover of a small amount of Trap1 into Trap2, before the error could be corrected. The 
highest recovery was seen from the reaction chamber rinse solution (21-25%) while the 






Table 3. 26 %Recovery of radioactivity from the different sources in each experiment 
 
3.4.3 Cantaloupe 
The concentration of the residues (ClO2-, Cl-, ClO3- and ClO4-) were calculated 
for each of the treated cantaloupes (Melon1, Melon2, Melon3).  The values obtained for 
serum and total slurry are shown in Table 3.28 and Table 3.29. The limit of detection 
values for the data are shown in Table 3.27.   
Only Cl- and ClO3- were detected in the treated cantaloupes and the concentration 
of Cl- was greater than that of ClO3-. In Melon3, ClO3- was not detected in mixed serum, 
however it was detected in the rind serum. For all treatments, low DPM counts were 
observed in the flesh serum, however upon fractionation, no radioactive fractions  
(greater than the LOD in terms of DPM) were obtained. Reanalysis of these flesh serum 
Source MELON1 MELON2 MELON3 
Gas Samples 0.063 0.03 0.17 
Trap1 (Peroxide/Hydroxide Trap) 23.15 11.90 35.13 
Trap2 (Thiosulphate trap) 0 0 0.16* 
Gas Generation Chamber Rinse 24.96 22.81 21.74 
Re-rinse Gas Generation Chamber 0.07 - - 
Treatment Chamber Rinse 0.42 1.58 0.38 
Melon- Mixed Slurry 12.63 12.16 12.59 
Melon-Rind 10.26 14.28 12.58 
Melon-Flesh 0.10 0.26 0.16 
Total 71.58 63.02 82.91 
*=experimental error. The inlet and outlet of the trap1 was reversed for a short time 
before being corrected. Once corrected it resulted in entrailing of some of Trap1 
liquid into Trap2. This is believed to the reason for detection of radioactivity in 




samples using a larger sample loop (100 uL) did not give repeatable results and 
radioactive counts were very low (barely above background). The concentration of Cl- in 
mixed serum (Melon1) was significantly higher than in the other two cantaloupes, while 
for rind serum, Cl- concentration in Melon3 was significantly higher than in both Melon1 
and Melon2. The concentration of ClO3- in rind and mixed serum was significantly 
different across all the treatments. In the case of Melon1, n=6 samples because the mixed 
sample was divided into two containers to give Mixed SlurryA and Mixed SlurryB. These 
two portions were each blended separately, mixed together and then split into two 
containers to give SlurryA and SlurryB. At the time of sampling for total radioactivity in 
the slurry, three aliquots were taken from each container. For serum preparation, a sample 
was taken from both Mixed Slurry A and Mixed Slurry B, each sample was centrifuged 
separately and each of the serum samples thus obtained was analyzed via IC. 
Table 3. 27 Limit of detection values for Melon1, Melon2, Melon3 
LOD(serum)=[(3 x s.d. (dpm) control serum)/(Unit activity)]/ serum sample weight(g) 
LOD(slurry)=[(3 x s.d. (dpm) control slurry)/(Unit activity)]/ slurry sample weight(g) 



















Mixed  Chlorite 0.24 10.51 0.08 7.98 0.23 10.19 
 Chloride 0.13 5.53 0.04 4.20 0.12 5.36 
 Chlorate 0.30 13.00 0.10 9.87 0.28 12.61 
 Perchlorate 0.0103 15.50 0.003 11.77 0.01 15.02 
Flesh Chlorite 0.39 10.91 0.31 16.97 0.04 5.10 
 Chloride 0.21 5.74 0.16 8.93 0.02 2.68 
 Chlorate 0.48 13.49 0.38 21.00 0.05 6.31 
 Perchlorate 0.016 16.08 0.013 25.02 0.001 7.52 
Rind Chlorite 0.16 9.42 0.20 4.82 0.18 4.40 
 Chloride 0.08 4.96 0.11 2.54 0.09 2.31 
 Chlorate 0.20 11.66 0.25 5.97 0.22 5.44 




Table 3. 28 %Distribution and concentrations of chloroxyanion species determined in the mixed, rind and flesh serum  
for Melon1,Melon2, Melon3 
Chlorite equiv. and actual residue values represented as (Avg. ± s.d.) with n=3, except for M1-Mixed Slurry where n=6. Means 
that do not share a letter are significantly different (p<0.05) 
 
 




Actual Residue concentration in serum (µg/g ) 
  Me-
lon 
Chlorite Chloride Chlorate Perchl
-orate 





1 0.00 93.85 6.16 0 9.31±0.95 <LOD 4.60±0.51A 0.70±0.03C <LOD 
2 0.00 97.75 2.25 0 6.71±0.71 <LOD 3.45±0.04B 0.19±0.00D <LOD 
3 0.00 100.00 0.00 0 6.32±0.05 <LOD 3.32±0.02B <LOD <LOD 
           Rind 
Serum  
1 0.00 88.92 11.08 0 17.31±0.09 <LOD 8.10±0.04E 2.37±0.01G <LOD 
2 0.00 92.59 7.41 0 16.70±0.03 <LOD 8.13±0.02E 1.53±0.00H <LOD 
3 0.00 91.26 7.52 0 19.18±0.14 <LOD 9.21±0.07F 1.78±0.02I <LOD 
           Flesh 
Serum  
1 0.00 0.00 0.00 0 <LOD <LOD <LOD <LOD <LOD 
2 0.00 0.00 0.00 0 0.29±0.02 <LOD <LOD <LOD <LOD 




Table 3. 29 %Distribution and concentrations of chloroxyanion species determined in the mixed, rind and flesh slurry for Melon1, 
Melon2, Melon3 
Chlorite equiv. and actual residue values represented as (Avg. ± s.d.) with n=3, except for M1-Mixed Slurry where n=6. Means 
that do not share a letter are significantly different (p<0.05) 
 




Actual Residue concentration (µg/g) 
 Mel
on 
Chlorite Chloride Chlorate Perchl
-orate 




1 0.00 93.85 6.16 0 12.09±2.23 <LOD 5.97±1.15A 0.90±0.10B <LOD 
2 0.00 97.75 2.25 0 8.35±0.95 <LOD 4.29±0.49A 0.23±0.03C <LOD 
3 0.00 100.00 0.00 0 8.17±2.68 <LOD 4.30±1.41A <LOD <LOD 
      
Rind  1 0.00 88.92 11.08 0 26.38±1.94 <LOD 12.34±0.91D 3.62±0.27E <LOD 
2 0.00 92.59 7.41 0 22.98±0.59 <LOD 11.19±0.29D 2.11±0.06E <LOD 
3 0.00 91.26 7.52 0 27.17+1.42 <LOD 13.04±0.68D 2.53±0.14E <LOD 
      
Flesh  1 0.00 0.00 0.00 0 0.05±0.01 <LOD <LOD <LOD <LOD 
2 0.00 0.00 0.00 0 0.20±0.01 <LOD <LOD <LOD <LOD 
3 0.00 0.00 0.00 0 0.14±0.01 <LOD <LOD <LOD <LOD 





3.5.1 Gas Samples 
ClO2 gas samples were taken during cantaloupe treatment to determine if the gas 
being produced by the reaction (Na36ClO2 + NaClO2 + HCl) was radioactive and whether 
or not it was significantly different from the values being detected by the sensor. This 
helped ensure that the cantaloupe was being treated with the desired concentration of 
chlorine dioxide gas (~5 mg/L).  
For Melon1 and Melon2 the gas samples were only taken from above the 
treatment chamber. It was noticed however for Melon2 that the gas concentration values 
determined from radioactivity calculations were not consistent with those detected by the 
optical sensor. It is possible that this was due to a sampling error such as the needle of the 
syringe not being pushed far enough into the treatment chamber during sample extraction. 
Therefore, it was determined that incorporation of another sampling point in the 
treatment system, above the gas generation chamber was needed. This was implemented 
so that if subsequent sampling errors occurred, more data would be available to determine 
the 36ClO2 concentration that was being used. With the addition of this sampling point, in 
the case of Melon3, it was seen that values obtained from gas sampling at both points was 
not significantly different from the sensor values.  
In addition, the decrease in concentration of ClO2 gas over the treatment time 
indicated that the chlorine dioxide gas was being absorbed or was reacting with the 
cantaloupe. The estimated mass of ClO2 absorbed per unit weight of cantaloupe for 




cantaloupe) and for Melon3 (3.90 x 10-3 mg ClO2/g cantaloupe) were much lower than 
the concentration of chlorite equivalents determined to be present in the mixed slurry as 
shown in Table 3.29.  
A reason for this difference could possibly be due to the fact that ClO2 gas was 
still being generated (by the gas generation reaction in the generation chamber) during 
treatment. The likelihood of this is further explained in the following chapter (Section 
4.4.1). 
 
3.5.2 Trap and Rinse Solutions 
A significant percentage of the radioactivity was recovered in the peroxide trap 
(Trap1). This is important because these peroxide traps were used to capture the 
radioactive chlorine dioxide gas in the form of chlorite. These trap solutions can be 
concentrated to the desired concentration and used again (by acidification) to reproduce 
radiolabeled chlorine dioxide gas, which can be used for further experimentation. 
On the other hand, in the case of Melon1 and Melon2, the thiosulphate trap 
(Trap2), used after the peroxide trap, did not capture any radioactive material. This 
suggests that the first trap was sufficient to absorb the radiolabeled chlorine dioxide gas 
during the purging of the treatment system. In the case of Melon3, an experimental error 
wherein the order of the inlet and outlet on the trap solution was reversed momentarily 
(before being corrected) meant that a small amount of Trap1 solution was carried over 
into the Trap2, which is reflected in a 0.16% recovery in that trap solution. A high 




This is probably due to the presence of residual reactants that were used for generation of 
the 36ClO2 gas. 
In general, for a particular treatment experiment, a 100% recovery of radioactivity 
is desired, however this was not achieved in any of the treatments. It was observed after 
every experiment, that the rubber gasket on the treatment chamber as well as the rubber 
gaskets and plastic fittings on the gas generation chamber (used to keep the gas 
generation jar airtight) were radioactive, as detected by the Geiger counter. This suggests 
that some of the radioactive gas was absorbed by these components of the treatment 
system. To date, it has not been possible to determine a method to quantify the total 
radioactivity that may have been lost to these components of the treatment system, but it 
is assumed that this is the reason for the loss in total radioactivity. 
 
3.5.3 Cantaloupe 
Radioactivity was detected in the mixed slurry, rind slurry and flesh slurry 
samples. Upon fractionation of the serum samples, the %distribution of chloride, chlorate, 
chlorite and perchlorate residues was determined. No chlorite or perchlorate residues 
were detected. The majority of the residues were in the chloride form. Although the flesh 
slurry samples showed presence of radioactive material no residues were detected during 
fractionation of the serum sample on the AS11 in all three experiments (Melon1, Melon2, 
Melon3).  
This suggested that either the residues were not being transferred to the serum 




treated cantaloupe was being cut. The second scenario was thought to be more likely 
since rind slurry samples showed significant concentrations of residues and while cutting 
the cantaloupe in half, no precautions were taken to avoid contamination that could occur 
from the rind to the flesh, via the knife. This was taken into consideration in future 
experiments outlined in the next chapter. 
 
3.6 Conclusions 
During Melon1 and Melon3 treatments the desired initial concentration of 5 mg/L 
ClO2 was attained. In the case of Melon2, this cannot be verified due to significant 
differences in gas concentration values determined by the Optek Sensor and radioactive 
gas samples. The Trap1 solution and the gas generation chamber rinse solutions 
recovered a majority of the radioactivity after treatment was complete however a 100% 
recovery of radioactivity was not attained in any of the three treatment experiments. 
The only chloroxyanion residues detected were chloride and chlorate, with 
chloride being present in greater amounts. While the three treatments may vary in terms 
of average gas concentration, type of cantaloupe (mass, volume, cultivar, rind thickness 
and netting, moisture content) the range of values for the residues were as follows. 
Across the three treatments, the %distribution of residues was 94-100% chloride and 0-6% 
chlorate in the mixed serum while for the rind serum it was 89-93% chloride and 7-11% 
chlorate. Accordingly the average concentration of residues was  5.13±1.33 µg chloride/g 
mixed slurry, 0.68±0.34 µg chlorate/g mixed slurry,12.19±1.00 µg chloride/g rind slurry 
and 2.75±0.69 µg chlorate/g rind slurry. Residues in the flesh serum could not be 




hypothesized that radioactivity detected in flesh samples was possibly due to 
contamination of flesh serum/slurry by residues in the rind, that were carried over during 
cutting. This initiated a change in sample preparation technique for further experiments 
(explained and discussed in the next chapter). Upon completion of these experiments, 
further review of calculations carried out to determine the amount of initial reactants 
required showed that if the sample loop volume on the AS11 column was increased to 
100 µL it would be possible to use less radioactive material in the initial reaction. Since 
the total volume of the sodium [36Cl] chlorite solution was limited (total volume of 25 
mL) a new sample loop was procured, installed and used for further analyses. Therefore 
these experiments also resulted in a change to the ion chromatographic analysis method 
used so that the amount of radioactive material being used per experiment was reduced. 
In summary, the preliminary experiments were used to establish that the desired 
concentration of 36ClO2 was being produced, that most of the radioactivity could be 
recovered from the treatment system, that the chlorine dioxide gas was reacting with the 
cantaloupe during treatment, and that primary residues being formed were chloride and 
chlorate. They also helped to determine that a better experimental protocol for cutting the 
treated cantaloupe was required and that less radiolabeled material could be used for each 
experiment if the sample loop for one of the analytical ion chromatography columns was 





CHAPTER 4. CHLOROXYANION RESIDUES IN CANTALOUPES TREATED 
WITH CHLORINE DIOXIDE GAS 
4.1 Introduction 
The objectives were to repeat the treatment of cantaloupes with ClO2 (5 mg/L for 
10 min), as was done in the preliminary experiments, to recover the radioactivity used in 
each experiment and to identify and quantify the chloroxyanion residues in the treated 
cantaloupe. The analysis of residues present in the flesh were a special focus point in 
these experiments, since the cutting technique used to prepare the sample was altered to 
avoid contamination or carryover of residues from the rind to the flesh, via the knife 
being used. Another objective was to determine the residues that would be present in a 
flesh sample directly exposed to chlorine dioxide gas.  
Radiolabeled chlorine dioxide (ClO2) gas was generated by acidification of a 
mixture of sodium [36Cl] chlorite solution and solid non-radiolabeled sodium chlorite 
with 6M hydrochloric acid (HCl). The resulting radiolabeled ClO2 gas was used to treat a 
cantaloupe in an airtight treatment apparatus in a chemical fume hood. Gas samples were 
taken during treatment and the gas concentration was monitored by an optical ClO2 gas 
sensor. After treatment, the cantaloupe was halved, with one half being separated into 





Precautions were taken, however, to prevent contamination of the mesocarp (flesh) 
by residues present on . the exocarp (rind) while cutting the cantaloupe The 
chloroxyanion residues formed in the treated cantaloupe were identified and quantified 
using ion chromatography and liquid scintillation counting. Direct treatment of 
cantaloupe flesh with 36ClO2 gas was also evaluated using the 36ClO2 gas remaining in 
the treatment system after whole cantaloupe treatment was completed. The purpose of 
this ‘direct flesh treatment’ was to determine the nature of residues that would be present 
should the flesh be directly exposed to chlorine dioxide gas. This chapter discusses three 
experiments in which a cantaloupe was treated and analyzed (one cantaloupe per 
experiment). The treated cantaloupes are referred to as Melon4, Melon5 and Melon6. 
 
4.2 Materials and Methods 
4.2.1 Materials 
4.2.1.1 Radiolabeled Materials 
Sodium [36Cl] Chlorite Solution (Radiolabeled Sodium Chlorite Stock Solution) 
A Sample ACE-040 36Cl-NaClO2 Reduction flask #3 was prepared at USDA-ARS 
lab in Fargo, ND and supplied to our lab. The method of preparation for this solution is 
outlined in Appendix A. The specific activity of the radiolabeled solution was 
20,249.16±897.92 DPM/uL, in terms of disintegrations per minute per unit volume and 
19,932.76±709.80 DPM/µg in terms of disintegrations per minute per unit weight. This 
was determined as outlined in Appendix B. The % distribution of species in this 




chloride and the ionic composition of the solution was determined to be 4.5737 mg 
chlorite/mL. These values were obtained by experiments outlined in Appendix C. 
 
4.2.1.2 Non-radiolabeled materials 
I. Sodium chlorite (CAS # 7758-19-2) Sigma-Aldrich (St. Louis, MO) conforms to 
ACS specifications (77.6% purity). The purity of this material was verified as 
outlined in Appendix D. 
II. Sodium chloride (CAS #: 7647-14-5) Mallinckrodt Chemicals (ACS grade) 
III. Sodium chlorate (CAS #: 7775-09-9), Sigma-Aldrich (St. Louis, MO)  ACS 
reagent >99.0% 
IV. Sodium perchlorate (CAS#: 7601-89-0), Alfa-Aesar, 98.0-102% (ACS)  
V. Sodium Hydroxide (50% w/v) (NaOH CAS # 1310-73-2, Water CAS # 7732-18-5) 
VWR 
VI. 30% Hydrogen Peroxide Aqueous solution with 30-32% hydrogen peroxide 
VII. Macron Fine Chemicals (ACS) (CAS # Water: 7732-18-5, CAS # H2O2: 7722-
84-1) 
VIII. Hydrochloric acid reagent grade 37%, Sigma-Aldrich (CAS#: 7647-01-0) 
IX. Ultima Gold Liquid Scintillation Fluid (PerkinElmer) 





4.2.1.3 Test commodity 
Cantaloupes (Cucumis melo var. cantalupensis) were purchased from local 
grocery store. They were weighed and total volume determined by water displacement. A 
control sample used was another cantaloupe of the same kind, obtained from the same 
store on the same day that was not treated with any chlorine dioxide gas. The flesh 




4.2.2.1 Liquid Scintillation Counter (LSC) 
A Packard Model TriCarb 1900 liquid scintillation counter (LSC) was used to 
analyze the radioactive samples. The LSC was calibrated for  [36Cl ] using an NIST-
traceable quench curve (10 points) using standards prepared by Analytics, Inc. (Atlanta, 
GA). Each sample analyzed had a count time of 10 minutes. The protocol for analysis of 
samples was established and saved on the LSC. Details of the protocol are outlined in 
Appendix E.  
 
4.2.2.2 Ion Chromatography 
A chromatography system (Dionex Corporation, CA) was used for separation of 
chloroxyanion residues in the samples. This system consisted of a GP50 Gradient Pump 
(Dionex Corporation, CA) with standard bore PEEK pump heads, a CD20 Conductivity 




Corporation, CA) in the external water mode contained in an LC20 Chromatography 
Enclosure (Dionex Corporation, CA). The IonPac AG11-HC guard column (Dionex 
Corporation, CA) and AS11-HC analytical column (Dionex  Corporation, CA) were used 
for detection and separation of ClO2-, Cl- and ClO3- while the IonPac AG16 guard 
column (Dionex Corporation, CA) and the IonPac AS16 analytical column (Dionex 
Corporation, CA) were used for detection and separation of ClO4-. The sample loop 
volume for the AS16 column was verified as outlined in Appendix F.  
 
Table 4. 1 Specifications for the use of IC system 
Column AS11-HC + AG11-HC AS16 +AG16 
Eluent 30 mM NaOH 35 mM NaOH 
Eluent flowrate 1.0 mL/min 1.0 mL/min 
Injection loop 100 µL 0.71 mL 
ASRS-300 current 100 mA 100 mA 
Range of Detection 
(CD20) 
3000 µS 3000 µS 
 
4.2.2.3 [36Cl] Chlorine dioxide gas treatment of test commodity [36CDG] 
Treatment System 
A ClO2 gas treatment system was designed and set up for treatment of cantaloupes 
with 36ClO2. The schematic for this system is shown in Figure 4.1. 
It consisted of a gas generation chamber (1L glass Ball Jar), a 5.67 L stainless steel 
treatment chamber (Presto, WI) and an optical chlorine dioxide sensor (Model AF26, 
optek-Danulat, GmbH, WI, USA) connected with Teflon tubing (McMaster Carr Supply 
Co, IL). Data from the ClO2 sensor was recorded on a computer using ThinkStation 




silica crucible into which the reactants were added and mixed using a magnetic stir bar. 
The circulation of gas in the system was facilitated with the use of two vacuum pressure 
pumps (P1:Vacuum Pressure Pump 663U, Model No. 420-1901, Thermo Scientific; 
P2:Vacuum Pressure Pump 663U, Model No. 400-1901, Barnant Company, Barrington, 
IL). Tubing was attached to the lid of the treatment chamber and fitted with two clamps 
(one on the end closest to the lid and the other on the end further away) to permit 
extraction of gas samples during treatment of the test commodity. A septum was 
incorporated into the tubing line above the gas generation chamber to allow samples to be 
taken from above both treatment and gas generation chambers. The system was airtight 
and was set up in a chemical fume hood..  
 
Treatment Conditions 
36ClO2 was generated inside the 1 L gas generation chamber by the acidification of a 
mixture of sodium [36Cl] chlorite solution and solid non-radiolabeled sodium chlorite, 
with 6M HCl. Quantity of each reactant was calculated based on the concentration of gas 
needed (5 mg/L) and the target limit of detection (0.3 ppm chlorite). The reactant 
amounts used in the experiments (Melon4 Melon5, Melon6) is shown in Table 4.2. The 
calculations used to determine these values are outlined in Appendix H. 
For the experiments outlined in this chapter, the sample loop used for the AS11+AG11 





• V1,V2,V3,V4,V5- One way valves 
• P1,P2- Peristaltic pumps 
• Trap1: 0.61 M Sodium hydroxide+ 30% Hydrogen peroxide (13.33:1 by 
volume) 
• Trap2: N/10 Sodium thiosulphate 
• Gas Generation Loop:  
G-F-E-D-C-B-A-G (V1- open, V2,V3,V4,V5-closed) 
• Treatment Loop: 
 G-F-E-D-C-M-L-K-J-I-H-B-A-G (V2,V3-open, V1,V4,V5-closed) 
• Purging of gas after treatment:  
H-I-J-K-N-O-P-Q-R-S-T (V4,V5,V1-open, V2,V3-closed) 
 
 




Verification of the volume of this new sample loop was tested as outlined in Appendix L. 
The results of this experiment showed that the volume being injected could possibly be 
only 89.42 µL. Hence determination of required initial reactants was carried out using 
this as the sample loop volume to ensure that the desired limit of detection was achieved. 
 
 
Table 4. 2 Reaction Conditions and Melon Parameters for Preliminary Experiments 
(Melon4, Melon5, Melon6) 
 
Melon Parameters Reaction Conditions 




















4 Devine Organic 
Cantaloupe, 
USA 
1520.67 1.50 0.1020 1.10 1.0 348.61 
5 Las Palms 
Cantaloupes, 
Westley CA 




2006.75 2.25 0.0882 0.93 1.0 341.43 
 
The required amount of solid NaClO2 was weighed and transferred to the silica crucible 
in the gas generation jar. The sodium [36Cl] chlorite solution was pipetted into the same 
crucible and the two were allowed to mix (using the magnetic stir bar).  Thereafter, the 
software for the ClO2 optical sensor was initiated, the desired volume of 6M HCl acid 
was added to the same crucible and the lid of the gas generation chamber was 
immediately closed and tightened. The pump between gas generation jar and the optical 




steady state concentration. After 15 min, the valves to the treatment chamber were 
opened so that the gas now entered the treatment chamber where the test commodity 
(cantaloupe) was placed. The desired initial concentration of ClO2 gas was 5 mg/L for a 
total treatment time of 10 min. During treatment, gas samples were taken from above the 
treatment chamber using plastic syringes. The syringes were filled with 3 mL of 0.1 N 
Na2S2O3 solution and 3 mL of gas was extracted. This was repeated every 3 minutes to 
give gas samples at three different time points during treatment. 
 
Post Treatment- Traps 
Following treatment, the valve (V2 and V3) s to the treatment chamber were closed and 
the ClO2 gas was allowed to circulate in the gas generation loop alone. The remaining 
gas from the treatment chamber was pumped out into two successive trap solutions. The 
first trap solution was a mixture of 0.61 M sodium hydroxide (NaOH) and 30% hydrogen 
peroxide(H2O2) in a 13.33:1 ratio (v:v) and its purpose was to trap the ClO2 gas as ClO2-. 
The use of this trap was established based on preliminary experiments as outlined in 
Appendix I. The second trap solution was N/10 Na2S2O3 and this was used to trap any 
gas (not absorbed by the first trap) in the Cl- form.  After purging the gas, the treatment 






Direct Flesh Treatment 
The radiolabeled ClO2 gas that remained after treatment of the whole cantaloupe was 
then used to directly treat a flesh sample taken from another cantaloupe. Approximately 
200g of cantaloupe flesh was cut and put into a ball jar. This jar was connected to the 
treatment setup (by replacing the larger treatment chamber). The 36ClO2 gas remaining in 
system was then used to treat this flesh sample till the gas concentration fell to ~0 mg/L 
(as detected by the optical sensor). Time taken for this to occur was also recorded. The 
modified treatment system used for ‘direct flesh treatment’ is shown in Figure 4.2. This 
‘direct flesh’ sample was analyzed the same way that samples from the whole treated 
cantaloupe were. 
 
Post Treatment- Rinses 
Once the gas concentration fell to 0 mg/L, the reaction chamber was opened and rinsed 
with a mixture of 0.61 M NaOH and 30% H2O2  (13.33:1 v:v). The treatment chamber 
was also rinsed with the same solution. These rinse solutions were collected and diluted 
to a total volume of 500 mL in a standard volumetric flasks.  
 
Post Treatment- Sample Preparation of Treated Cantaloupe 
Cutting and Blending: After treatment the cantaloupe was cut as described below. First 
the rind at one top end of the cantaloupe was cut off. Then, using another knife, the cone 
of flesh that was now exposed was cut out. Both of these pieces were kept aside to be part 




cantaloupe at the open end. The knife was then pulled downwards as the cantaloupe was 
pulled upwards such that the blade moved from the flesh to the rind (instead of from rind 
to flesh as was the case in preliminary experiments). 
 
Figure 4. 2 CDG Treatment system for Direct Flesh treatment 
 
 
• V1,V2,V3,V4- Two way valves 
• P2- Vacuum pressure pump 
• Gas Generation Loop:  
G-F-E-D-C-B-A-G (V1- open, V2,V3,V4-closed) 
• Treatment Loop: 




In this manner the cantaloupe was halved. An example of a cantaloupe cut in this manner 
is shown in Figure 4.3 and 4.4. This method was used to prevent contamination of the 
flesh with resides present on the rind of the treated cantaloupe. For one half of the 
cantaloupe a melon scooper was then used to obtain a sample of the inner flesh. This 
sample was labeled as “Flesh (inner) slurry”. The remaining flesh was cut/scraped from 
the rind to give “Flesh (outer) slurry”. The rind from this half was then cut into pieces 
and kept aside to give “Rind Slurry”. The other half of the melon was left as is (rind and 
flesh mixed together) to give a “Mixed Slurry” sample. 
These samples were weighed and put in labeled plastic tubs. They were then blended 
separately using a food processor (Cuisinart) to give ‘mixed slurry’, ‘rind slurry’, ‘flesh 
(inner) slurry’ and ‘flesh (outer) slurry” samples that were then stored in the same plastic 
tubs. This process was repeated for the control cantaloupe sample as well to give a 
‘control mixed slurry, ‘control rind slurry’ and a ‘control flesh slurry’.  Note that in the 
case of Melon4, while obtaining flesh (outer) sample a melon scooper was not used and 
precautions were not taken to prevent contamination of this flesh sample by carryover of 
residues from the rind via the knife. For Melon5 and Melon6, however, this was done 
more carefully. Also, during blending of rind samples, 40 mL of DI Water (18.0 
megaohm-cm) was added to facilitate the chopping of the rind pieces in the food 
processor. The mass of mixed, rind and flesh slurry for Melon4, Melon5 and Melon6 




Table 4. 3 Mass of mixed, rind and flesh slurry for Melon4,5 and 6 and mass of flesh for 




















Melon4 785.03 223.41 296.82 204.78 200.60 
Melon5 971.66 238.98 358.02 510.65 200.05 
Melon6 984.15 230.77 339.86 443.95 206.90 
Rind weight- not including 40 g of DI water added during blending 
 
Figure 4. 3 Example of a cantaloupe before being cut. 








 Figure 4. 4 Example of a cantaloupe after being cut 
from flesh to rind. Melon scooper shown is then used 




Centrifugation: The slurry samples were centrifuged to separate the liquid and solid 
components. Approximately, 25g of treated ‘mixed’, ‘rind’, ‘flesh(inner)’, ‘flesh (outer)’ 
and ‘direct flesh’ slurry samples were centrifuged at 12,000 rpm for 20 minutes. Control 
slurry samples were centrifuged along with the corresponding treated slurry (e.g. control 
mixed slurry and treated mixed slurry centrifuged together). The supernatant obtained for 
each sample was decanted off into preweighed centrifuge tubes. Accordingly, ‘treated 
flesh serum’, ‘treated rind serum’, ‘treated mixed serum’,  ‘control flesh serum’, ‘control 
rind serum’ and ‘control mixed serum’ samples were obtained. 
 
Analysis of Samples 
Gas samples: Aliquots (1mL) of the 0.1N Na2S2O3 solution in the syringes used for gas 
sample collection were taken in 20 mL LSC vials. Fifteen mL of Ultima Gold LSC fluid 
was added to each vial and then they were analyzed on the LSC. 
 
Traps and Rinse Solutions: Aliquots (1 mL) of the two trap solutions, the treatment 
chamber rinse solution and the gas generation chamber rinse solution transferred to 20 
mL LSC vials. Fifteen mL of Ultima Gold LSC fluid was added to each vials and they 
were analyzed on the LSC.  
 
Slurry and serum: Aliquots (~0.25 g) of each of the rind, flesh and mixed slurries 
(treated and control) were placed in 20 mL LSC vials. They were treated with 1 mL of 30% 




used in order to prevent color quenching. An explanation for the selection of this 
treatment is outlined in Appendix J.  Upon removal from the oven, they were allowed to 
cool to room temperature and then 15 mL of Ultima Gold LSC fluid was added to each 
vial. They were then analyzed on the LSC for total radioactivity. Aliquots (1 mL) of each 
of the treated and control rind, flesh and mixed serum samples were transferred to 20 mL 
LSC vials and 15 mL of Ultima Gold LSC fluid was added to each vial. These vials were 
then analyzed on the LSC to determine total radioactivity. 
 
Chloroxyanion species: The serum samples were analyzed for presence of chloride (Cl-), 
chlorite (ClO2-), chlorate (ClO3-) and perchlorate (ClO4-) via ion chromatography (IC) in 
conjunction with liquid scintillation counting (LSC). The retention time of each anion 
(Cl-, ClO2-, ClO3- and ClO4-) was determined by injection of standard solutions of known 
concentrations on the respective ion chromatography columns (AS11 for Cl-, ClO3-, 
ClO2-; AS16 for ClO4-). An AS11 spiking solution consisting of all three species (Cl-, 
ClO3-, ClO2-) was prepared from sodium salts of the corresponding anions and filtered 
with IonPac Acrodisc syringe filters. DI water (18.0 megaohm-cm) and the spiking 
solution were then mixed (9:1 v:v) for the AS11 samples and then injected onto the IC to 
verify retention times of the species. Similarly for the AS16, a spiking solution consisting 
of Cl-, ClO3-, ClO2- and ClO4- was prepared and filtered with IonPac Acrodisc syringe 
filters. It was then mixed with DI water (1:1, v:v) and injected onto the IC. The mass of 
salts used to prepare the AS11 and AS16 spiking solutions is shown in Table 4.4. For the 




the AS16, they were mixed and dissolved in 100 mL DI water and then diluted by a 
factor of 10. 
 
 
Table 4. 4 Spiking solution composition for analysis on AS11+AG11 and AS16+AG16 
Ion Chromatography columns 
 AS11 spiking solution AS16 spiking solution 
Salt NaClO2 
(g) 








Melon4 0.1763 0.1668 0.1279 0.0404 0.0404 0.0409 0.0430 
Melon5 0.1753 0.1642 0.1320 0.0414 0.0406 0.0462 0.0449 
Melon6 0.1718 0.1641 0.1274 0.0413 0.0430 0.0435 0.0425 
For AS16, the salts were dissolved in 100 mL DI water. 10 mL of this spiking solution 
was diluted to 100 mL and then used to spike the serum samples prior to injection onto 
the AS16 column 
 
 
The treated ‘rind serum’, ‘flesh (inner) serum’, ‘flesh(outer) serum’, ‘direct flesh serum’ 
and ‘mixed serum’ samples were filtered using IonPac Acrodisc syringe filters. Aliquots 
of these filtered serum samples were mixed with the respective spiking solutions, in the 
same ratios as used for the DI water samples, and injected onto the IC. Based on the 
retention time of each species, the fractions eluting off the column were collected in LSC 
vials. Fifteen mL of Ultima Gold LSC fluid was then added to each fraction/aliquot and 
they were analyzed on the LSC. The AS16 reduces the retention time for perchlorate as 
compared to the AS11 but also does not permit easy separation of the other three anions, 
so the purpose of analyzing serum samples on this column was to detect ClO4-. The 
volume of sample that could be used with the scintillation fluid was limited to 1mL and 




determined from more than one fraction eluting off the AS16 column.  The anions elute 
off the column mixed with the eluent, however it was determined that the eluent would 
not cause any quenching effect (reduction of counts) that would interfere with the 
radioactivity detection, as outlined in Appendix K.  
For Melon4, Melon5, Melon6, each serum sample was injected onto each column in 
triplicate and so the average %distribution of chlorite, chlorate, chloride and perchlorate 
could be determined for each of the samples analyzed. The average % was then used to 
calculate the concentration of residues in the total serum and total slurry samples Data 
received from the LSC for each of these samples was then used to determine 
the %distribution of residues (Cl-, ClO3-, ClO2-  and ClO4-) in each serum sample. This 
was then used to calculate the actual composition of residues in the treated cantaloupe. 
For Melon4, since precautions were not taken while cutting the flesh (outer) slurry 
sample, the serum obtained from it was not analysed via ion chromatography and hence 
the %distribution of chloroxyanion residues in this sample was not determined. The 
experimental procedure flow diagram and calculations are the same as discussed in the 








4.3.1 Gas Samples 
The concentration of ClO2 gas during treatment was determined by obtaining gas 
samples and by using the optical ClO2 gas sensor. The time window of treatment was 15-
25 minutes (with respect to the total experiment time) since the valve to the treatment 
chamber was opened at t=15 min. Figures 4.5, 4.6 and 4.7 show the variation of ClO2 gas 
concentration over time as determined by the sensor and radioactivity measurements 
from gas samples, for Melon4, Melon5 and Melon6 experiments respectively. From these 
plots it can be seen that for all treatments, the initial ClO2 concentration used to treat the 
cantaloupe, was atleast 5 mg/L, and then decreased over the 10 minute treatment time. 
For all experiments the gas samples obtained from the treatment chamber and the gas 
generation chamber are in agreement with the values obtained from the optical sensor. 
 
Figure 4. 5 ClO2 gas concentration(mg/L) during treatment of Melon4. Error bars 





Figure 4. 6  ClO2 gas concentration(mg/L) during treatment of Melon5. Error bars denote 
standard deviation.  
 
Figure 4. 7  ClO2 gas concentration(mg/L) during treatment of Melon6. Error bars denote 




In each treatment, due to the change in volume that occurred when the valve to 
the treatment chamber was opened, there is an initial rapid drop in gas concentration 
during which time the sensor adjusts to the change in gas concentration. To estimate the 
mean gas concentration during treatment of the commodity, the data obtained from the 
sensor was fit to a linear equation, using data points after the initial rapid drop had ceased. 
The linear fit, average gas concentration and the range of time and gas concentration data 
used are shown in Table 4.5. 
 
Table 4. 5 Evaluation of average gas concentration during treatment of  Melon4, Melon5, 
Melon6 
 
If we consider the slope of the equation for gas concentration variation during 
treatment time, the total effective volume during treatment and the overall treatment time, 
the mass of gas being absorbed per unit time and the total mass of gas can be estimated. 
This can then be used to estimate the mass of ClO2 absorbed per unit mass of the 





Equation for gas conc. 
(mg/L) Vs time (min) 
Range of values (gas 
conc- mg/L, time-min) 
ClO2 gas 
concentration  
 avg ± s.d. 
(mg/L) 
4 Y=-0.2429x + 10.643 
(R2=0.98) 
6.73 to 4.69 mg/L 
17.20 to 25 min 
5.52 ±0.56 
5 Y=-0.3369x + 11.179 
(R2=0.97) 
6.06 to 2.99 mg/L 
16.60 to 25 min 
4.17±0.84 
6 Y=-0.3436x +11.298 
(R2=0.97) 
6.08 to 2.94 mg/L 























ClO2/ g of 
Cantaloupe 
Melon4 1.50 1520.67 0.2429 5.17 9.80 6.44 x 10-3 
Melon5 2.25 2090.50 0.3369 4.42 12.51 5.98 x 10-3 
Melon6 2.25 2006.75 0.3463 4.42 12.70 6.33 x 10-3 
 
Similarly, the variation of ClO2 gas concentration during direct treatment of flesh 
after Melon4, Melon5 and Melon6 cantaloupe treatments are shown in Figure 4.8, 4.9 
and 4.10. The gas concentration decreased exponentially and reached 0 mg/L in minutes. 
The data represented is only that obtained from the optical sensor because gas samples 
were not taken during this part of the experiment.  The equations obtained, the initial 
ClO2 concentration and time to reach 0 mg/L of ClO2, for the three experiments are 
shown in Table 4.7.  
 
 Table 4. 7 Gas concentration variation during direct flesh treatment (after treatment of 
Melon4, Melon5, Melon6) 
Melon 
Exp Num 
Equation for ClO2 conc. 
(mg/L) Vs time (min) 
Initial ClO2 
conc. (mg/L) 
Time to 0 mg/L 
of ClO2 (min) 
4 Y= 3.96e-1.126(x-0.3) 3.910  4.60 
5 Y=2.861e-1.934(x-0.4) 2.86 2.40 





Figure 4. 8 ClO2 gas concentration during direct flesh treatment (after Melon4) 
 





Figure 4. 10 1 ClO2 gas concentration variation over time during direct flesh treatment 
(after Melon6) 
 
4.3.2 Trap and Rinse Solutions  
The radioactivity recovered from the trap and rinse solutions were determined for 
each experiment. The peroxide trap (Trap1) and the thiosulphate trap (Trap2) were used 
to capture the 36ClO2 gas after treatment of the cantaloupe. The remaining gas (in 
generation loop) was then used to directly treat a flesh sample until the gas concentration 
fell to 0 mg/L. In general, the %recovery of radioactivity from each component of the 
experiment i.e. the gas samples, the treatment chamber, the gas generation chamber 
(reaction chamber), the trap solutions, the whole treated melon and the flesh samples are 
shown in Table 4.8.  The peroxide trap captured 10-18% of the radioactivity, while no 




from the reaction chamber rinse (~20%). The treatment chamber rinse in Melon4 and 
Melon6 experiments was about 0.7%, however in the case of Melon5 it was much higher 
at 7.78%. In general, a total recovery of 100% was not seen in any of the experiments. 
 
Table 4. 8 % Recovery of radioactivity from the different sources in each experiment 
(Melon4, Melon5, Melon6) 
Source MELON4 MELON5 MELON6 
Gas Samples 0.15 0.10 0.11 
Trap1 (Peroxide/Hydroxide) 18.44 10.46 11.01 
Trap2 (Thiosulphate trap) 0.00 0.00 0.00 
Gas Generation Chamber Rinse 20.67 21.66 22.29 
Treatment Chamber Rinse 0.70 7.78 0.71 
Melon- Mixed Slurry 17.45 19.97 25.04 
Melon-Rind 14.29 20.2 23.15 
Melon-Flesh(i) NA NA NA 
Melon-Flesh(o) 0.10 NA NA 
Melon-direct 5.65 5.19 5.38 
Total 77.45 85.36 87.69 
 
 
4.3.3 Cantaloupe  
The %recovery of radioactivity from mixed slurry ranged from 17-25%, while 
recovery from rind was 14-23%. The flesh (inner) samples from the whole treated 
cantaloupe did not show any radioactivity while 5% of the total radioactivity was 
recovered from the direct flesh sample. 
The concentration of the residues (ClO2-, Cl-, ClO3- and ClO4-) was calculated for 
each of the treated cantaloupes (Melon4, Melon5, Melon6). The limit of detection values 
in terms of concentration of residues (µg/g) in the serum and in the slurry (µg/kg) are 




The values obtained for mixed and rind serum are in Table 4.10 while those for 
flesh serum samples are in Table 4.11. The mixed and rind slurry sample values are in 
Table 4.12 and the flesh slurry samples are in Table 4.13. No ClO2- or ClO4- residues 
were detected in any of the samples. The primary residues therefore were Cl- and ClO3-, 
with a higher percentage of Cl- being present. In Melon5, chlorate was not detected in the 
mixed slurry serum, but it was detected in the rind serum. The concentration of chloride 
in Melon4 and Melon6 mixed serum were not significantly different while in the rind 
serum they were different for all the treatments. The concentration of ClO3- in mixed and 
rind serum was significantly different for all treatments. No radioactivity was detected in 
the flesh (inner) serum or slurry samples. In the case of Melon4, the flesh (outer) serum 
sample did show the presence of some residue, however it was not fractionated via ion 
chromatography (since it was known that contamination may have occurred during 
sample preparation). 
Table 4. 9 Limit of detection values for Melon4, Melon5, Melon6 













(µg/g) (µg/kg) (µg/g) (µg/kg) (µg/g) (µg/kg) 
Mixed Chlorite 0.23 66.25 1.03 20.33 0.34 30.38 
Chloride 0.12 34.84 0.54 10.69 0.18 15.98 
Chlorate 0.28 81.95 1.27 25.15 0.42 37.58 
Perchlorate 0.08 97.65 0.34 29.97 0.10 44.78 
Flesh Chlorite 0.19 30.73 0.44 108.49 0.40 79.74 
Chloride 0.10 16.16 0.23 57.06 0.21 41.94 
Chlorate 0.24 38.02 0.54 134.20 0.49 98.64 
Perchlorate 0.07 45.30 0.15 159.92 0.13 117.55 
Rind Chlorite 0.24 106.25 0.42 15.28 0.65 64.38 
Chloride 0.13 55.88 0.22 8.04 0.34 33.86 
Chlorate 0.30 131.43 0.52 18.90 0.80 79.64 




Table 4. 10 %Distribution and concentrations of chloroxyanion species determined in the mixed and rind serum, for Melon4, 
Melon5, Melon6 
Chlorite equiv and actual residue values represented as (Avg. ± s.d.) with n=3, except for M5 where n=4. Means that do not share 






















M4 0.00 86.80±0.96 13.19±0.96 0 12.74±0.17 <LOD 5.82±0.08A 2.08±0.03C <LOD 
M5 0.00 100.00±0.0 0 0 8.24±0.06 <LOD 4.34±0.03B <LOD <LOD 
M6 0.00 92.98±1.37 7.02±1.37 0 11.60±0.08 <LOD 5.67±0.04A 1.01±0.01D <LOD 
           
Rind 
Serum 
M4 0.00 88.6±0.42 11.4±0.42 0 30.99±0.36 <LOD 14.43±0.17E 4.38±0.05H <LOD 
M5 0.00 90.09±0.61 9.91±0.61 0 35.98±0.18 <LOD 17.05±0.09F 4.41±0.02H <LOD 




Table 4. 11 %Distribution and concentrations of chloroxyanion species determined in the flesh(inner), flesh(outer) and direct flesh 
serum for Melon4, Melon5, Melon6 
Chlorite equiv and actual residue values represented as (Avg. ± s.d.) with n=3, except for M5 where n=4. Means that do not share 




















M4 0 0 0 0 <LOD <LOD <LOD <LOD <LOD 
M5 0 0 0 0 <LOD <LOD <LOD <LOD <LOD 
M6 0 0 0 0 <LOD <LOD <LOD <LOD <LOD 
           Flesh 
(outer) 
serum 
M4 NA NA NA NA <0.43±0.00 NA NA NA NA 
M5 0 0 0 0 <LOD <LOD <LOD <LOD <LOD 
M6 0 0 0 0 <LOD <LOD <LOD <LOD <LOD 
            Direct 
Flesh 
serum  
M4 0 100 0 0 18.65±0.26 <LOD 9.81±0.14A <LOD <LOD 
M5 0 100 0 0 14.59±0.10 <LOD 7.70±0.01B <LOD <LOD 




Table 4. 12 %Distribution and concentrations of chloroxyanion species determined in the mixed and rind slurry for Melon4, 
Melon5, Melon6 
Chlorite equiv and actual residue values represented as (Avg. ± s.d.) with n=3, except for M5 where n=4. Means that do not share 





















M4 0 86.8±0.96 13.19±0.96 0 14.21±0.74 <LOD 6.49±0.34A 2.32±0.12B <LOD 
M5 0 100±0 0 0 11.21±0.15 <LOD 5.90±0.08A <LOD <LOD 
M6 0 92.98±1.37 7.02±1.37 0 14.01±4.52 <LOD 6.85±2.21A 1.22±0.39C <LOD 
           
Rind  
  
M4 0 88.6±0.42 11.4±0.42 0 48.25±6.99 <LOD 22.48±3.25D 6.80±0.99F <LOD 
M5 0 90.09±0.61 9.91±0.61 0 53.89±2.36 <LOD 25.53±1.12D, E 6.60±0.29F <LOD 
M6 0 90.88±0.55 9.12±0.55 0 64.85±9.61 <LOD 30.99±4.59E 7.32±1.08F <LOD 




Table 4. 13 %Distribution and concentrations of chloroxyanion species determined in the flesh(inner), flesh(outer), direct flesh 
slurry for Melon4, Melon5, Melon6 
Values represented as (Avg. ± s.d.) with n=3.  Means that do not share a letter are significantly different (p<0.05). 
 
% distribution of chloroxyanion species in serum samples Chlorite 
equiv. in 
slurry (µg/g)  












M4 0.00 0.00 0.00 0 <LOD <LOD <LOD <LOD <LOD 
M5 0.00 0.00 0.00 0 <LOD <LOD <LOD <LOD <LOD 
M6 0.00 0.00 0.00 0 <LOD <LOD <LOD <LOD <LOD 
           
Flesh 
(outer)  
M4 NA NA NA NA 0.43±0.02 NA NA NA NA 
M5 0.00 0 0 0 <LOD <LOD <LOD <LOD <LOD 
M6 0.00 0 0 0 <LOD <LOD <LOD <LOD <LOD 
           
Direct 
Flesh  
M4 0.00 100.0 0 0 18.00±0.08 <LOD 9.47±0.04A <LOD <LOD 
M5 0.00 100.0 0 0 14.09±0.04 <LOD 7.41±0.03B <LOD <LOD 
M6 0.00 100.0 0 0 14.22±0.17 <LOD 7.48±0.11B <LOD <LOD 






4.4.1 Gas Samples 
ClO2 gas samples were taken during cantaloupe treatment to ensure that gas being 
produced by the reaction was radioactive and matched the values determined by the 
optical detector. Gas samples were taken from above the treatment chamber and the gas 
generation chamber.  For each of the experiments (Melon4, Melon5, Melon6) the gas 
concentration values showed that the desired initial concentration of 5 mg/L was 
achieved. The decrease in ClO2 gas during treatment was used to estimate the mass of 
ClO2 absorbed per unit mass of the cantaloupe and was determined to be similar for all 
three cantaloupes (6.44x 10-3, 5.56 x 10-3 and 6.33 x 10-3 mg ClO2/g cantaloupe for 
Melon4, Melon5 and Melon6 respectively) suggesting that ClO2 absorption by each of 
the cantaloupes occurred at the same rate. These values however were much lower than 
the concentration of residues (in terms of chlorite equivalents) that were calculated for 
the treated cantaloupe (refer to Table 4.12). As mentioned in the previous chapter, this 
could possibly be due to the fact that ClO2 gas was still being generated during treatment. 
If this is the case, the decrease in gas concentration would appear reduced. 
During direct flesh treatment, the initial ClO2 gas concentration varied from 2.86 
to 3.91 mg/L. Upon exposure to cantaloupe flesh the ClO2 gas concentration decreased 
exponentially until it reached 0 mg/L indicating that ClO2 is rapidly absorbed by the flesh 
of the cantaloupe. In this case, the ClO2 remaining in the generation loop was used to 
treat the sample and the generation reaction was halted. In Table4.14 the mass of ClO2 




Mass of ClO2 absorbed= Initial ClO2 conc (mg/L) x volume of generation loop 
Volume of generation loop=volume of gas generation jar (1 L) + volume of optek 
sensor (161.19 mL) + volume of tubing (considered negligible)= 1.161 L 
concentration with the volume of the generation loop. This divided by the mass of flesh 
being treated gives an estimate of the maximum concentration of chlorite residues 
expected in the treated cantaloupe flesh. It can be seen that the residue concentrations 
determined by radioactivity calculations are lower than these estimated values. Since the 
gas generation reaction was ceased for this treatment, while it was not for the treatment of 
the whole cantaloupe, it is possible that additional ClO2 gas was being produced during 
exposure of the whole cantaloupes, which is the reason for the difference in concentration 
of residues observed and maximum concentrations of residues calculated from decrease 
in gas concentration for all six cantaloupes. 
Table 4. 14 Comparison of concentration of residues (chlorite equivalents) in cantaloupe 
flesh (directly treated with ClO2 gas) with estimated maximum concentration (based on 
gas concentration decrease over time).  
 
4.4.2 Trap and Rinse Solutions 
As was observed in preliminary experiments, a significant percentage of the 
radioactivity was recovered in the peroxide trap (Trap1) and none was recovered from the 
























mixed slurry)  
After 
Melon4 
3.96 4.60 200.60 22.93 18.00±0.08 
After 
Melon5 
2.86 3.32 200.05 16.60 14.09±0.04 
After 
Melon6 




acidified, since they have 36ClO2- and so they were refrigerated to be used for future 
experiments. A large percentage of radioactivity was also recovered from the reaction 
chamber rinse solution, due to presence of residual reactant material that was used for the 
gas generation reaction. The flesh that was directly exposed to chlorine dioxide absorbed 
about 5% of the total radioactivity in the reaction, while the internal flesh samples from 
the cantaloupe showed no radioactivity. 
In general, for a particular treatment, a 100% recovery of radioactivity is desired, 
however this was not achieved in any of the treatments. As noted in the preliminary 
experiments, the rubber gasket on the treatment chamber as well as the rubber gaskets 
and plastic fittings on the gas generation chamber (used to keep the gas generation jar 
airtight) were radioactive, as detected by the Geiger counter. This suggests that with each 
experiment some of the radioactive gas was absorbed by these components of the 
treatment system. To date, it has not been possible to determine a method to quantify the 
total radioactivity that may have been lost to these components of the treatment system, 
but it is assumed that this is the reason for the loss in total radioactivity. 
 
4.4.3 Cantaloupe  
The chloroxyanion residues were primarily detected in the mixed and rind 
samples (both serum and slurry). Residues in the flesh (inner) samples were below the 
limit of detection. In the Melon4 experiment, once the flesh (inner) sample was obtained, 
no precautions were taken while obtaining the flesh (outer) sample. This could explain 
why residues were detected in the Melon4 flesh(outer) serum and slurry samples. The 




In the rind and mixed samples, the predominant residues were chloride and 
chlorate, with chloride being present at a greater percentage. The only residue present in 
the directly treated flesh sample was Cl-. This suggests that in a cantaloupe treated with 
chlorine dioxide gas, the chloroxyanion residues in the flesh are below the limit of 
detection as per the analytical method used. It also suggests that in the worst case 
scenario wherein cantaloupe flesh is exposed to ClO2 gas, the only residue that would be 
present is chloride. This is not a cause for concern since, unlike chlorite and chlorate, 
chloride is not considered a toxic residue does not have an acceptable daily intake value, 
specified by the WHO. 
 
4.5 Conclusion 
In summary, these experiments were used to establish that upon treatment of 
cantaloupes with ClO2 such that the initial concentration of the gas was atleast 5 mg/L 
for 10 minutes, the only chloroxyanion residues found in the treated product are chloride 
and chlorate. The hypothesis that residues detected in the flesh samples in the preliminary 
experiments (Melon1, Melon2 and Melon3) was due to contamination from the rind 
while cutting was also proved right. Residues in the flesh (inner) and flesh (outer) 
samples were below the limit of detection. While the treatments may vary in terms of 
ClO2 gas concentration during treatment, cultivar of cantaloupe, rind thickness or netting, 
moisture content of the cantaloupe, mass and volume of the cantaloupe the range of 
values for residues were as follows.  The %distribution of chloroxyanion residues was 
87-100% chloride and 7-13% chlorate in the mixed serum while for the rind serum it was 




was 6.41±1.19 µg chloride/g mixed slurry, 1.77±0.66 µg chlorate/g mixed slurry, 
26.33±4.71 µg chloride/g rind slurry and 6.92±0.81 µg chlorate/g rind slurry. In addition, 
the only residue present in cantaloupe flesh directly exposed to ClO2 gas was chloride 




CHAPTER 5. CHLORINE DIOXIDE TREATMENTS, THEIR EFFECT ON RESIDUE 
CONCENTRATION AND ESTIMATION OF EXPOSURE TO RESIDUES 
5.1 Introduction 
To identify and quantify the chloroxyanion residues present in cantaloupes treated 
with chlorine dioxide gas, six cantaloupes were treated with radiolabeled ClO2 gas. These 
experiments were described in the previous two chapters (three melons per chapter). 
During the preliminary experiments, some changes were made to the treatment system 
(addition of gas generation chamber sampling point) and the experimental protocol 
followed was modified (removal of re-rinse solution of treatment chamber) as the 
experiments proceeded. 
In addition, during analysis of samples via Ion Chromatography, the sample loop 
for the AS11+AG11 columns used to analyze for chloride, chlorite and chlorate was 25 
µL. Based on observations in the preliminary experiments changes were implemented 
during analysis of the next three melons. The cutting procedure used to sample the flesh 
was modified in order to minimize contamination of flesh by residues from the rind, the 
sample loop for the AS11+AG11 column was increased to 100 µL so that less 
radiolabeled Na36ClO2 solution was required during the initial reaction used to generate 
radiolabeled ClO2 gas. 
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In general, however, the overall protocol for treatment of the cantaloupe and LSC 
analysis of total residue content (expressed as chlorite equivalents) for the slurry and 
serum samples obtained, remained the same. The Optek sensor used for detection of 
ClO2 gas concentration during the treatment was also the same.  
The objective in this chapter therefore, was to determine if there were any 
correlations between gas concentration and residue composition in the treated cantaloupe, 
taking into consideration the mass and volume of each of the cantaloupes. Furthermore, 
results of the previous two chapters showed that chloroxyanion residues were present in 
the rind and mixed slurry but not in the flesh. This suggests that residues may primarily 
be located in the rind. Based on data obtained it may be possible to make some inferences 
regarding the chloroxyanion residues in cantaloupes treated with ClO2 gas. 
 
5.2 ClO2 Gas Concentration, Residue Concentration and Cantaloupe Parameters 
Correlations 
The objective was to treat each cantaloupe with 5 mg/L ClO2 gas concentration. 
During the experiment an optical ClO2 sensor was used to monitor the ClO2 
concentration. Gas concentration values determined by the sensor showed an initial rapid 
drop at the start of treatment due to the change in volume from the gas generation loop to 
the treatment loop. A linear equation was fit to the change in gas concentration over time, 
disregarding the initial drop. The average gas concentration during treatment of the 
cantaloupe and mass of gas being absorbed by the cantaloupe were calculated. 
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The data obtained for concentration of residues in the treated cantaloupes was 
normally distributed and hence a one-way ANOVA test on the residue concentrations 
(chloride and chlorate values) for the six cantaloupes was carried out. In the case of 
mixed slurry, there was no significant difference in the concentration of chloride for all 
six Melons, while for chlorate Melon1 and Melon6 were not significantly different from 
each other but Melon2 and Melon4 were and chlorate residues in Melon3 and Melon5 
were below the limit of detection.  
In the case of rind slurry, chloride concentration for Melon1, Melon2 and Melon3 
were not significantly different from each other. Similarly Melon4 and Melon5 
concentrations were not different from each other and Melon5 and Melon6 were not 
different from each other.  Chlorate concentrations in rind slurry showed that Melon1, 
Melon2, Melon3 were not significantly different from each other and for Melon4, 
Melon5, Melon6 were not significantly different from each other. 
Table 5.2 is a summary of all the parameters associated with each experiment 
specifically, the cantaloupe parameters (mass of cantaloupe, mass of flesh, mass of rind, 
volume of cantaloupe), gas concentration during treatment and estimated mass of gas 
absorbed per unit weight of cantaloupe along with the resulting residue concentrations in 








Table 5. 1 Chloride and chlorate residue concentrations (µg anion/g) for the six different melon treatments. For each row, residue 
concentrations with different letters are significantly different (α=0.05).ClO2- values represent total chlorite equivalents detected 
that were used to calculate the Cl- and ClO3- values. 
Melon Exp Melon1 Melon2 Melon3 Melon4 Melon5 Melon6 
Total mass of cantaloupe 1469.63 1932.10 1773.97 1520.67 2090.50 2006.75 
Mass of flesh slurry 500.12 729.31 646.66 501.60 868.67 783.81 
Mass of rind slurry 281.51 356.02 269.41 223.41 238.98 230.77 
Mass of mixed slurry  669.02 831.55 895.73 785.03 971.66 984.15 
Volume of cantaloupe (L) 1.50 2.00 2.00 1.50 2.25 2.25 
ClO2 conc (avg ±s.d) during 
treatment (mg/L) 
4.67±0.49 4.15±0.67 6.02±0.43 5.52±0.56 4.17±0.84 4.13±0.84 
Estimated  µg of ClO2 
absorbed per g of cantaloupe  




ClO2- 12.09±2.23a 8.35±0.95 a  8.17±2.68 a  14.21±0.74 a  11.21±0.15 a  14.01±4.52 a  
Cl- 5.97±1.15b 4.29±0.49 b 4.30±1.41 b 6.49±0.34 b 5.90±0.08  b 6.85±2.21 b 




ClO2- 26.38±1.94 e  22.98±0.58 e  27.17±1.42 e  48.25±6.99 f  53.89±2.36 f,g 64.85±9.61 g  
Cl- 12.34±0.91h 11.19±0.29h 13.04±0.68h 22.48±3.25i 25.53±1.12i,j 30.99±4.59j 




ClO2- 0.05±0.01m 0.20±0.01n 0.14±0.01o <LOD <LOD <LOD 
Cl- <LOD <LOD <LOD <LOD <LOD <LOD 




There was no significant (p>0.05) correlation between chloride concentration in 
the rind and cantaloupe weight, cantaloupe volume or average gas concentration for the 
six treatment, however it was correlated with the estimated mass of gas absorbed by the 
cantaloupe (which can be expected, since the residues are being formed by deposition of 
this absorbed gas). 
With the exception of Melon3, it was noticed that the calculated value of mg of 
ClO2 absorbed per unit mass of cantaloupe was about the same ranging from 5.57x10-3  
to 6.33x10-3 indicating that the rate of absorption of gas by the cantaloupe was similar 
(mass basis). Melon3 however had a lower ratio (3.90 x 10-3). It is also interesting to note 
that Melon3 received the highest average ClO2 gas concentration during treatment. It is 
possible however that the gas was not absorbed in the same way due to differences in 
physical properties of the cantaloupe being treated (moisture content, rind thickness, rind 
surface irregularities to name a few). 
The concentration of residues (chloride and chlorate) in the rind of Melon4, 
Melon5 and Melon6 are about twice as high as those observed in Melon1, Melon2 and 
Melon3. This could possibly be explained by better separation of rind and flesh during 
sample preparation. For these three treatments a melon scooper was used to separate flesh 
and rind, therefore the residues in the rind slurry were probably not diluted by any 
remaining cantaloupe flesh, resulting in higher concentrations of residues being detected 





5.3 Residue Location in Cantaloupe 
In Melon4, Melon5 and Melon6 flesh samples, total residue concentration was 
below the limit of detection. This was seen after a change in the way the treated 
cantaloupe was cut was implemented. It can be said therefore that the ClO2 residues are 
primarily in the rind of the treated cantaloupe. This means that the residues detected in 
the mixed slurry samples would be the same as those detected in the rind, but diluted by 
the mass of the flesh. This can be supported by a mass balance calculation to determine 
whether the mass of residues detected in the entire melon is different from the mass of 
residues present in the rind of the melon alone. The values for each treatment are shown 
in Table 5.2.  
Table 5. 2 Total mass of residue (chlorite equivalents) for each cantaloupe treatment in 
avg ± s.d. (n=3, except Melon1 whole melon, where n=6).  
mass of residue in whole melon= µg chlorite/g of mixed slurry x mass of melon  
mass of residue in rind= µg chlorite/g for rind slurry x %rind in melon x mass of melon 
Melon Num Whole Melon- residue mass 
(chlorite equivalents) 
Avg±s.d 
Rind – residue mass 
(chlorite equivalents) 
Avg±s.d. 
Melon1 17.76±3.28 13.96±1.03 
Melon2 16.13±1.84 14.57±0.37 
Melon3 14.49±4.76 14.17±0.74 
Melon4 21.60±1.12 22.60±3.28 
Melon5 23.44±0.31 24.31±1.06 
Melon6 28.11±9.07 29.61±4.39 
 
A two sample t-test that compared the mass of residues (in chlorite equivalents) in 
the whole melon with that in just the rind, for each cantaloupe treatment, showed that 
there was no significant difference between the two. Therefore, it can be said that the 





As mentioned previously, the total mass of residues in rind for Melon4, Melon5 
and Melon6 is probably due to better separation of rind and flesh during sample 
preparation, which resulted in higher values of rind residue concentration, which are 
thereafter reflected in higher value for mass of residue as seen in Table 5.2. 
 
5.4 Estimation of Exposure to Chloroxyanion Residues from ClO2 Treated Cantaloupes 
Ion chromatography analysis showed that only chloride and chlorate (and no 
chlorite or perchlorate) residues were present in the cantaloupes treated with ClO2. For a 
treatment the actual concentrations of chloride and chlorate residues for the different 
experiments are shown in Table 5.1.  The acceptable daily intake limit for chlorate is 0.03 
mg/kg BW per day (as specified by the WHO) For an average human of 70 kg this means 
that the total tolerance for intake of chlorate is 2.1 mg per day.  Residues in the flesh were 
below the limit of detection for Melon4, Melon5 and Melon6 suggesting that no 
chloroxyanion residues would be found in the flesh of the cantaloupe. This was shown to 
be the case as outlined in the mass balance calculations shown in Table 5.2. Therefore it 
can be said that there would be no concern for human exposure to chlorate or chloride 
from a cantaloupe treated with ClO2 gas, unless they consumed the rind, which is 
unlikely.  
In the case of Melon1, Melon2 and Melon3 experiments, total residues were 
detected in the flesh samples, but when further analyzed by IC the anionic species could 
not be identified as they were below the limit of detection. These first three cantaloupe 




minimize any contamination of residues from rind to the flesh. This suggests that residues 
from the rind may travel to the flesh when the cantaloupe is being cut and that could 
result in exposure to the residues upon consumption of the flesh. If we consider, the worst 
case scenario wherein the residues detected in flesh slurry samples are 100% chlorate and 
if we consider the highest concentration of residues that were detected (as per this 
project), which was in Melon2, and was 0.20 µg chlorite equivalents/g flesh, then the 
corresponding concentration of chlorate would be 0.20 x 83.5/67.5 µg chlorate 
equivalents/g flesh i.e. 0.24 µg chlorate/g flesh. Given the daily intake limit of 2.1 mg 
chlorate per day for a 70 kg person, 8.75 kg of cantaloupe flesh would need to be 
consumed in order to reach the acceptable daily intake of chlorate, if cantaloupes were 
the only source of exposure and if all the residues were present in the form of chlorate. It 
can be seen from the ion chromatography analysis of other samples however, that 
chloride is the primary residue (~90%) with the rest being in the form of chlorate. 
Therefore the exposure to chlorate ions would probably be about 10 times lower than as 
calculated above.  
In the case of chloride ions the maximum permitted level of chloride in water is 
250 mg/L (as specified by the EPA National Secondary Drinking Water Regulations). 
Similarly, if we consider the worst case scenario for chloride ions in the flesh, then 0.20 x 
35.5/67.5 µg chloride/g i.e. 0.11 µg chloride/g flesh would be the concentration of 
chloride ions. If a person consumed 1000 g of cantaloupe flesh, they would be consuming 
0.11 mg of chloride ions. This exposure is therefore much lower than the limit specified 




Although it is unlikely that humans will eat cantaloupe rind, this waste product 
may end up as a part of animal feed. In that case, it would be necessary to consider the 
possibility of exceeding a toxicity limit for that particular animal. Furthermore if the 
animal is going to be processed into meat for human consumption, the concentration of 
residues present in the final product may be a cause for concern. 
 
5.5 Conclusions 
Six cantaloupes were treated with radiolabeled ClO2 gas. The gas was generated 
by acidification of a mixture of nonradiolabeled sodium chlorite and radiolabeled sodium 
chlorite with hydrochloric acid.  
The residues present in the treated cantaloupe were chloride and chlorate anions 
and were found to be present only in the rind of the treated cantaloupes. The possibility 
of human exposure to chloride and chlorate anions from the flesh of a treated cantaloupe 
could arise by due to dragging of residues from the rind surface into the flesh during 
cutting. Based on the data obtained in this project however, the estimated exposure to 
chlorate and chloride would be much lower than the limits specified by the EPA and the 
WHO. They may however need to be considered as a source of exposure when evaluating 






5.6 Future Work 
A continuation of these experiments such that cantaloupes of different volumes 
are subjected to the same effective 36ClO2 treatment will help provide more data about 
residue type and concentration in the treated cantaloupe. There may be other factors that 
contribute to the presence of residues in the cantaloupe such as cantaloupe cultivar, 
surface morphology of the rind, pH of the cantaloupe flesh, maturity of the fruit, moisture 
content of the cantaloupe, humidity during treatment and rind thickness. Designing 
experiments that take these factors into consideration would provide more information 
about the various factors that influence the type and concentrations of chloroxyanion 
residues that may be formed. 
The chloroxyanion residues were located in the rind of the treated cantaloupe, 
however the components in the rind that react with chlorine dioxide and the nature of 
their interaction are unknown. Further experiments could be designed that attempt to 
identify the natural components in the rind that react with ClO2. The factors that control 
that interaction could also be determined and then methods to minimize residue formation 
could also possibly be considered. It was also noticed that in some cases, chlorate was 
detected in the rind serum but not in the mixed serum for the same treated cantaloupe. 
Therefore by trying to understand the nature of the reaction between components in the 
rind and ClO2 it would also be useful to try to determine the factors that affect the 
formation of chlorate as opposed to chloride.  
This overall treatment and analysis method could also be extended to other 




when treated with ClO2 could also be determined. This information, along with the 
previously available information about the effectiveness of ClO2 against various 
pathogenic foodborne microorganisms, would increase the knowledgebase for its 
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Appendix A Preparation of Radiolabeled Sodium Chlorite Solution 
Radiolabeled sodium [36Cl] chlorite solution was prepared at USDA-ARS lab in Fargo, 
ND and supplied to our lab for use in experiments. This solution was labeled as Sample 
ACE-040 36Cl-NaClO2 Reduction flask #3 
 
Method of preparation: 
Briefly, four round bottom flasks were connected in series. The first flask contained a 
magnetic stir bar, 0.3 mL of 30% H2O2 and 2 mL of sodium [36Cl] chlorate and was 
fitted with a dropping funnel containing 1.6 mL of 5 M H2SO4. Nitrogen gas was passed 
into the center neck of this flask so that it bubbled through the reaction mixture. The 
nitrogen gas was then vented through the next three round bottom flasks containing 20 
mL of 2 M sodium carbonate, 20 mL of 0.61 M NaOH plus 1.5 mL of 30% H2O2, and 10 
mL of ice cold water, respectively. Addition of the sulfuric acid via the dropping funnel 
in the first flask initiated the reduction of sodium [36Cl] chlorate to produce chlorine 
dioxide at room temperature. After the addition of sulfuric acid was complete, the 
temperature of the reaction flask was increased to 400C for several hours. A pale yellow 
to a yellow green color in the reaction mixture indicated evolution of chlorine dioxide gas. 
The gas was passed through a carbonate scrubber to remove any chlorine gas that may 
have been formed and then to a flask containing hydrogen peroxide where it was reduced 






Appendix B Specific Activity of Sodium [36Cl] Chlorite solution 
Objective:  Determination of Specific Activity (radioactivity per unit volume and 
radioactivity per unit weight) of “ACE 040 36Cl-NaClO2 Reduction flask #3” Sodium 
[36 Cl] Chlorite solution 
 
Materials 
1. ACE 040 36Cl-NaClO2 Reduction flask #3” Sodium [36 Cl] Chlorite solution 
2. Ultima GoldTM Liquid Scintillation Fluid (PerkinElmer) 
3. Scintillation vials (20 mL Wheaton, 24-400 Urea cap) 
4. DI water (18.0 megaohm-cm) 
5. Liquid Scintillation counter (Packard 1900TR) 
 
Method  
1. A specific volume (0.1 mL) of the ACE 040 36Cl-NaClO2 Reduction flask #3” 
Sodium [36 Cl] Chlorite solution was weighed into empty scintillation vials (in 
triplicate). The weight of the sample was recorded and then 0.9 mL of DI water 
was added to bring the total sample volume to 1 mL. Three vials with 1 mL of DI 
water were also prepared. These are background count vials. These sample 
weights and volumes are shown in Table B1. 





3. The samples were then analyzed on the Liquid Scintillation Counter (using 
Protocol 15 (described in Appendix E). The radioactivity observed in each sample 
is shown in Table B2.  
Table B 1 Samples analysed (weights and volumes) 
























E5-Bk1 13.2358 - - 1 1.0019 
2 E5-Bk2 13.5139 - - 1 0.9949 
3 E5-Bk3 13.4185 - - 1 0.9842 




E5-A 13.3237 100 0.1026 0.90 0.9000 
5 E5-B 13.2726 100 0.1010 0.90 0.8908 
6 E5-C 13.4078 100 0.1011 0.92 0.9299 
 
Table B 2 Radioactivity in samples 
*Net DPM2= DPM2 - Avg. Background DPM2  
 
Calculation: The total volume of solution is 25 mL Therefore total radioactivity in the 























27.91 - - - 
2 E5-
Bk2 
27.80 - - - 
3 E5-
Bk3 
26.87 - - - 




E5-A 2,127,655.03 2,127,627.50 20,737,110.17 21,276.28 
5 E5-B 1,985,852.31 1,985,824.78 19,661,631.52 19,858.25 
6 E5-C 1,961,323.59 1,961,296.06 19,399,565.41 19,612.96 








Results: The specific activity per unit weight was determined as 19,932,769.03 ± 
709796.98 DPM2/g or 8.97±0.31 uCi. The specific activity per unit volume (µL) was 
determined as 20,249.16 ± 897.92 DPM/µL. 
 
Discussion: A Technical Data sheet that described preparation of the “ACE 040 36Cl-
NaClO2 Reduction flask #3” Sodium [36 Cl] Chlorite solution was supplied and stated that 
the solution had a total of 227 µCi of radioactivity. The solution was sent to our lab on 
June 10th 2012 and received on July 11th 2012. The calculated values of specific activity 






Appendix C Ionic Composition and Concentration of Sodium [36Cl] Chlorite 
radiolabeled solution 
Objective: To determine the Ionic Composition and Concentration of Sodium [36Cl] 
chlorite radiolabeled solution.  
The “ACE 040 36Cl-NaClO2 Reduction flask #3” Sodium [36 Cl] Chlorite solution was 
supplied by USDA-ARS lab, Fargo, ND. It was necessary to verify the ionic composition 
and concentration of species in the solution prior to using it in further experiments. A 
standard curve for chlorite concentration as a function of peak area was developed on the 
Ion Chromatography (IC) system (AS11-HC and AG11-HC column). A diluted 
radiolabeled solution was then prepared using the sodium [36Cl] chlorite solution and 
injected onto the IC system. The chromatogram was used to identify the species present 
while fractions eluting off the column were collected in liquid scintillation vials. Fifteen 
mL of Ultima Gold LSC fluid was added to each vial and they were analysed on the LSC. 
Using the standard curve for chlorite, concentration of chlorite in the radiolabeled 
solution could be calculated. Detection on the IC was carried out at two ranges of 300 
and 100 µS on the CD20 Conductivity Detector to facilitate better compositional analysis 
of the solution. 
 
Materials 
1. Sodium Chlorite 77.6% purity 
2. Sodium [36Cl] Chlorite Solution 






1. HPLC (Ion chromatography): 
a. Dionex AS11-HC analytical column with Dionex AG11-HC guard column. 
b. Anionic suppressor (ASRS-300): 300 mA, external water mode 
c. Injection loop volume: 25 µL 
d. Range: 300 µS and then 100 µS 
2. Volumetric flasks 
3. Scintillation vials (20 mL Wheaton, 24-400 Urea cap) 
4. IC Acrodisc Syringe filter 
5. Fraction collector  
6. Liquid Scintillation Counter (Packard Model Tricarb 1900TR) 
 
Method  
1. A standard solution of chlorite (1002.43 mg/L) was prepared by dissolving 0.1732 
g of sodium chlorite in 100 mL of DI water. This stock solution (A) of chlorite 
was then diluted as per the dilution scheme in Table C1. A standard curve (peak 
area vs. chlorite concentration) was developed by injection of these prepared 
standard solutions onto the column, in triplicate. 
Table C 1 Dilution scheme of solutions used for standard curve preparation 
Dilution scheme Chlorite 
concentration 
mg/L 
2 mL of A diluted to 100 mL 20.04 
1.5 mL of A diluted to 100 mL  15.03 
1 mL of A diluted to 100 mL  10.02 





2. A diluted radiolabeled solution (DS2) was prepared by dissolving 100 µL (~0.1 g) 
of Sodium [36Cl] Chlorite solution in 50 mL DI water using a standard volumetric 
flask.  This solution was filtered using an IC Acrodisc syringe filter and injected 
onto the IC system. The fractions eluting off the column were collected in 
preweighed scintillation vials using a fraction collector (0 minute delay, 
fractionating time of 1 minute/tube, number of fractions:10) . The weight of each 
fraction was calculated by noting the difference between weight of the vial and 
weight of the vial+fraction. The radioactivity in each fraction was detected with 
the liquid scintillation counter. This was repeated three times (Set A, Set B, Set C). 
Repeat injections at 100 µS range were carried out with fraction collection (delay 
3 minutes, fractionating time 1 min/tube, number of fractions-4). This lower range 
of detection was used to verify the nature of the ions present. This was repeated 
twice, the weight of fractions noted and radioactivity detected as described above. 
 
3. Radioactivity detection 
Samples analyzed for radioactivity were 
a. Background count: 1mL of DI water in triplicate 
b. Total radioactivity: 25 µL of DS2 solution + 975 µL of DI water in 
triplicate. (This is used to represent the total radioactivity that was injected 
onto the column) 
c. Fractions collected from injection of samples during ion chromatography 





Fifteen mL of Ultima Gold LSC fluid was added to each vial and they were analzed on 
the LSC.  The peak area from the DS2 chromatogram and the chlorite standard curve 
equation were used to determine the concentration of chlorite in the DS2 solution. 
 
Results 
1. Ionic Composition and Concentration: A standard curve for chlorite detection on 
the Ion Chromatography system was obtained by plotting peak area vs. chlorite 
concentration. The range of concentrations used was 5-20 mg/L. The regression 
equation obtained was y=22.248x  with R2= 0.99, where y=peak area, x= 
concentration of chlorite mg/L. The calibration curve is shown in Figure C1. The 
peak area for chlorite peak observed in DS2 chromatogram was 203. 51 mV.s, so 
the concentration of chlorite in DS2 was calculated as 9.1474 mg/L.  DS2 was 
prepared by diluting 100 µL of Sodium [36Cl] chlorite solution to 50 mL with DI 
water. Therefore 50 mL of DS2 has 9.1474 x 50/1000 mg = 0.45737 mg of 
chlorite. Therefore concentration of Sodium [36Cl] chlorite ACE 040 solution is 
4.5737 mg/mL or 4.5737 g/L. 
 
2. Radioactivity analysis: Radioactivity in background determined by preparation of 
DI water samples shown in Table C2. Total expected radioactivity in 25 µL of 
DS2 sample that is injected onto column was determined by preparation of 
samples as shown in Table C3. The DS2 sample was injected onto the ion 
chromatography system in triplicate and the net radioactivity detected in the 






Table C 2 Background radioactivity 




Background 1.0012 28.85 
Background 1.0002 27.91 
Background 0.9981 28.02 
Average  28.26 
Stdev  0.51 
Limit of detection(LOD)  29.79 
 
 














DS2 25 0.0251 1072.3 1044.04 41595.22 
DS2 25 0.0253 1084.35 1056.09 41742.69 
DS2 25 0.0253 1081.24 1052.98 41619.76 
Average  0.0252 1079.3 1051.04 41652.56 
Stdev  0.0001 6.26 6.26 79.02 





Therefore expected NET DPM for 25 µL (volume of sample loop used)= 
Table C 4 Net DPM values for fractions collected after injection of DS2 onto HPLC (Ion 








   Set A Set B Set C   
Fraction1 0-1 min  <LOD <LOD <LOD <LOD <LOD 
Fraction2 1-2 min  <LOD <LOD <LOD <LOD <LOD 
Fraction3 2-3 min  <LOD <LOD <LOD <LOD <LOD 
Fraction4 3-4 min Chlorite 1080.07 1059.14 1043.09 1060.77 18.54 
Fraction5 4-5 min Chloride 23.51 11.64 13.10 16.08 6.47 
Fraction6 5-6 min  <LOD <LOD <LOD <LOD <LOD 
Fraction7 6-7 min  <LOD <LOD <LOD <LOD <LOD 
Fraction8 7-8 min  <LOD <LOD <LOD <LOD <LOD 
Fraction9 8-9 min  <LOD <LOD <LOD <LOD <LOD 
Fraction10 9-10 
min 
 <LOD <LOD <LOD <LOD <LOD 
TOTAL   1103.58 1070.78 1056.19 1076.85 24.27 
%recovery   105.98 102.83 101.43 103.41  
Total DPM recovered is therefore 1076.85±24.27 (n=3) 
The average% distribution of species in DS2 solution is 98.51±1.49% chlorite and 
1.49±0.56% chloride (n=3). 
 
Table C 5 Net DPM values for fractions collected after injection of DS2 onto HPLC (Ion 







DPM2 Average Stdev 
Fraction3 3.0-4.0 1065.07 1050.39 1057.73 10.38 
Fraction4 4.0-5.0 16.01 17.57 16.79 1.1 
Fraction5 5.0-6.0 <LOD <LOD NA NA 
Fraction6 6.0-7.0 <LOD <LOD NA NA 
Total  1081.08 1067.96 1074.52  
%recovery  103.23 101.98 102.6  
 






Appendix D Sodium Chlorite purity 
Objective: Verification of Sodium chlorite (Sigma Aldrich) purity by the titration method 
(Enforcement Analytical method for determination of sodium chlorite strength in Enerfab 
SC Cartridge Samples) 
Sodium chlorite assay is determined in product samples by iodometric titration of iodine 
released when samples are treated with potassium iodide and acid (sulfuric or 
hydrochloric). The samples are titrated with sodium thiosulphate solution. 
 
Materials 
1. Deionized water 
2. Potassium iodide 
3. 0.5 N Certified Sulphuric acid 
4. 1% w/v starch indicator aqueous solution 
5. 0.1 N Sodium thiosulphate certified 
 
Apparatus 
1. 250 Erlenmeyer flask 
2. 100 mL Class A volumetric flask 
3. 20 mL Class A volumetric pipet 
4. Analytical balance accurate to 0.001 g 







1. Weigh 0.15 g (+/- 0.001 g of test substance into 250 mL Erlenmeyer flask. 
2. Add 100 mL deionized water 
3. Add 2g of potassium iodide and swirl to mix 
4. Add 20 mL of 0.5 N sulphuric acid and stir 
5. Titrate with standardized 0.1 N sodium thiosulphate to light straw color 
6. Add 1 mL of 1% starch indicator and titrate with standardized 0.1 N sodium 
thiosulphate to colorless endpoint. 
 
Notes 
1. Since KI will oxidize when exposed to air in acidic conditions the starch endpoint 
color may return after the titration is actually completed. Therefore record mL of 
sodium thiosulphate used at first clear endpoint 
2. Potassium iodide must be added and mixed before the sulfuric acid. If sulfuric 
acid is added first, chlorine dioxide will gas off and strength will be reported than 
actual. 
3. A reagent blank should be run periodically to insure purity of reagents. This will 
mainly be a check on potassium iodide solution. It would become oxidized with 









Results: The weights and titer volumes are shown in Table D1. 
Table D 1 Weights of samples and titer volumes 
 Wt of sodium 
chlorite sample (g) 
Titer volume (mL) %wt sodium chlorite 
1 0.1513 52.0 77.70 
2 0.1519 52.4 78.00 
3 0.1514 52.4 78.2 
  Average: 77.9% 
The % Weight sodium chlorite was calculated as shown below. 
Wt% sodium chlorite= (Titer)(N) x 2.2612 / sample wt. 
Where: 
N= normality of sodium thiosulphate 
Titer mL= mL of Sodium thiosulphate used in titration 
2.2612= mg of Sodium chlorite per 1 mL of 0.1 N sodium thiosulphate 
Sample wt.= Weight (g) of  sample being analysed for sodium chlorite  
 
The purity of the sodium chlorite was determined as 77.9% sodium chlorite, which is in 
accordance with the certificate of analysis that specifies a 77.6% sodium chlorite purity. 






Appendix E LSC Protocol 
Protocol used for analysis of radioactive samples on the Packard Model TriCarb 1900TR 
Liquid Scintillation Counter (LSC) was established based on physical data of [36Cl] 
shown in Table A1. The protocol parameters that were established accordingly are in 
Table A2 and Table A3. Region B represents the region of interest (radioactivity due to 
[36Cl] isotope) because it represents the region with reduced background interference 
since it has a  lower limit of 2.0 keV. The quench curve for this protocol was established 
with the use of NIST-traceable quench curve (10 points), quenched [36Cl] standards-15 
mL Ultima GoldTM in 20 mL flame sealed liquid scintillation vials prepared by Analytics, 
Inc. (Atlanta, GA). The quench curve data is shown in Table A4 and the quench curves 
obtained are in Figures E1 and E2. The Certificate of Calibration for these quenched 
standards is shown in Figure E3. 
 
Table E 1 [36Cl] data used to establish protocol for analysis 
Gamma Energy No photon 
Maximum beta energy 709 keV  
Alpha energy No alpha 
Physical half-life 3.08 x 105 years 










Table E 2 Protocol parameters established for LSC analysis of samples 
Protocol Number #15 1st vial background No 
Protocol Name mark Radionuclide Manual 
Cycles 1 #Vials/sample 1 
Count Time 10.0 min QIP tSIE 
2 sigma coincidence No %of reference No 
#Counts/vial 1 Data Mode DPM 
#Vials/standard 1   
QIP: Quench Indicating parameter, tSIE: Transformed Spectral Index of External 
Standard (tSIE)  
 
Table E 3 : Regions of detection in protocol 15 
 LL(keV) UL(keV) Bkg 2 Sigma % LCR 
Region A 0.0 709. 0.00 0.00 0 
Region B 2.0 709 0.00 0.00 0 
Region C 2.0 2000 0.00 0.00 0 
LL= lower limit, UL=upper limit 
 
Table E 4 Data used for quench curve used for analysis of samples  
Nuclide 1: DPM 221880 
QIP Efficiency A Efficiency B 
582.9 96.64 96.40 
556.8 96.39 96.15 
471.0 96.37 96.13 
429.0 96.40 96.16 
326.3 95.80 95.54 
247.5 95.52 95.24 
181.5 95.08 94.73 
118.7 93.96 93.48 
77.03 91.86 91.11 






Figure E 1 Quench Curve for Region A 











Appendix F AS16 Sample loop 
Objective: Verification of Sample loop volume for AS16  
A Sample loop was made with PEEK tubing for the Dionex AS16+AG16 (4 mm) ion 
chromatographic columns as outlined in the manual. The volume of the loop is important 
as it helps determine the recovery of radioactivity for each injected sample. Accordingly, 
the volume was first estimated by measuring the weight of the loop when empty and 
when filled with water. It was then installed on the IC system. The purpose of this 
experiment was to use a radioactive sample in order to further verify the loop volume.  
 
Materials 
1. DS2- radiolabeled chlorite stock solution 
2. Ion Chromatography system 
3. Scintillation vials 
4. Ultima GoldTM Liquid Scintillation Fluid (PerkinElmer) 
5. Liquid Scintillation Counter (Packard Model Tricarb 1900TR) 
 
Method 
1. Loop volume using water weight: The PEEK tubing was cut and weighed when 
empty. It was then filled with DI water and weighed again. By considering that 
the density of water is 1 g/mL, the difference in weights can be used to determine 





2. Loop volume using specification of PEEK tubing: The internal diameter of the 
PEEK tubing was known as specified by the supplier (Dionex). The length of 
tubing used was measured, therefore the internal volume of the sample loop was 
calculated. 
3. Radioactivity method: Radiolabeled material (solution DS2 prepared on 23rd 
October, 2012 for a previous experiment- Appendix C) was injected onto the 
column. The species in the DS2 solution are chloride and chlorite and their 
retention times were determined using chlorite standard solution (not 100% pure 
chlorite, mixture of chloride and chlorite). These two peaks don’t clearly separate 
on the AS16 column so the times used to determine fraction collection were such 
that all radioactive species would be recovered in one fraction (3.7 to 4.7 minutes). 
The fractions  were collected after passing through the AS16 column in LSC vials.  
The weight of each collected fraction was noted (difference in weight before and 
after). Fifteen mL of Ultima Gold LSC fluid was added to each LSC vial and the 
radioactive counts for each fraction were determined. The radioactive counts per 
unit volume and per unit weight (DPM/mL and DPM/g) of the DS2 solution was 
also determined.  Accordingly, the total loop volume could be calculated by 
dividing total radioactivity recovered by the DPM/mL of the DS2 solution. This 









Table F 1 Ion Chromatography System parameters 
Parameter AS16 column 
Eluent 35 mM NaOH 
Eluent flowrate 1 mL/min 
ASRS current 100 mA 
Regenerant  DI water 
Regenerant flowrate Pressure head-- 
Detector range  300 μS 
Method  0 
 
Results 
1. Loop volume using water weight measurements: 
a. Weight of empty loop= 4.2512 g 
b. Wt of loop filled with water= 4.9870 g 
c. Loop volume= 0.7358 mL 
2. Loop volume using specification of PEEK tubing  
a. PEEK tubing used (ID) 0.03 inch= 0.0762 cm 
b. Length of tubing= 61.5 inch = 156.21 cm 
c. Loop volume = 0.7124 mL 
3. Radioactivity method: The observations and calculations for this method are 
shown in Table F2. In general the calculations can be explained as follows. 
a. If total DPM detected in fractions eluting off the column= ‘x’ DPM 
b. Then ‘x’/(DPM/mL of DS2)= mL of DS2 injected onto the column= loop 





























Bkg NA - - 0.9775 36.12 - - - 
Bkg NA - - 0.9714 33.42 - - - 
Bkg NA - - 1.0017 29.27 - - - 
Average     32.94 LOD 43.29  
Stdev     3.45    
         
Total NA   0.9996 41,443.50  41410.56 41427.13 41410.56 
Total  NA   1.0147 42,151.30  42118.36 41508.19 42118.36 
Total  NA   1.0138 42,046.20  42013.26 41441.37 42013.26 
     41,880.33  41847.39 41458.90 41847.39 
      381.94  381.94 43.28 381.94 
         
Set A         
Fraction1 2.7-3.7 16.9924 17.9931 1.0007 28.96 <LOD <LOD <LOD 
Fraction2 3.7-4.7 17.0261 18.0114 0.9853 27,929.30  27896.36 28312.55 27896.36 
Fraction3 4.7-5.7 17.0684 18.0441 0.9757  78.58  45.64 46.78 45.64 
SUM      27,942.00  28,359.33  27,942.00  
Loop volume        0.67 
         
Set B         
Fraction1 2.7-3.7 16.9066 17.8992 0.9926 30.73 <LOD <LOD <LOD 
Fraction2 3.7-4.7 16.9929 17.9842 0.9913 27,539.10  27506.16 27747.56 27506.16 
Fraction3 4.7-5.7 16.8102 17.7924 0.9822  73.39  40.45 41.18 40.45 
SUM      27,546.61  27,788.74  27,546.61  





























Set C         
Fraction1 2.7-3.7 16.8141 17.7840 0.9699 27.82 <LOD <LOD <LOD 
Fraction2 3.7-4.7 17.0553 18.0540 0.9987 29,130.70  29097.76 29135.64 29097.76 
Fraction3 4.7-5.7 17.1047 18.0962 0.9915  77.02  44.08 44.46 44.08 
SUM      29,141.84  29,180.10   29,141.84  
Loop volume        0.70 






Discussion: The best estimate of the sample loop volume was determined to be that 
obtained by calculation using the inner diameter and length of tubing used. Testing with 
radioactive material may not have resulted in 100% recovery of material after injection 
onto the HPLC (seen by the loop volumes of 0.66, 0.67 and 0.70 mL that were obtained). 
Testing the volume using water may have overestimated the loop volume if the external 
ends of the loop were also slightly wetted. For further calculations therefore, the loop 





Appendix G Treatment System Setup 
Objective: To establish a treatment system setup for the exposure of the test commodity 
(cantaloupes) to radiolabeled chlorine dioxide gas. The treatment system must be airtight 
and be able to support the generation of the required concentration of chlorine dioxide for 
the required treatment time. The schematic diagram of the treatment system is as outlined 
in the preliminary experiments chapter. 
 
Materials 
1. Treatment Chamber- 5.67 L chamber 
2. Gas Generation Chamber- 1 L ball jar 
3. Optek Sensor (ClO2) 
4. One way valves (McMaster Carr) 
5. Pumps 
6. 0.6 M NaOH solution:  6.1856 g of 97% Sodium hydroxide beads dissolved in 
250 mL water. 
7. Mock ACE 040 solution 
a. A sodium chlorite in 0.6 M NaOH solution at the same concentration as 
the radiolabeled ACE 040 sodium chlorite solution that will be used in the 
experiments. 
b. 0.7902 g of sodium chlorite (77.6% purity) in 100 mL of 0.6 M NaOH. 






1. The treatment system was setup and tested for leaks using an electrochemical 
ClO2 sensor (ppb level). 
2. The concentration of gas being generated was monitored by the Optek sensor. 
Trials were carried out with an empty treatment chamber, with cantaloupes being 
treated and with glass jars in the treatment chamber that occupied the same 
effective volume as the cantaloupe that had been previously treated (thus acting as 
nonreactive cantaloupe simulators). 
3. Based on the volume of the cantaloupe being treated, the volume of the chambers 
in the system and the desired concentration of ClO2 gas, calculations were carried 
out to determine the quantity of reactants needed. 
a. Volume of cantaloupe being treated: V ‘L’ 
b. Total volume of treatment chamber: 5.67 L 
c. Total volume of gas generation chamber: 1 L 
d. Approximate Total effective volume (TEV) during treatment=5.67+1-V 
‘L’ 
e. Concentration of gas needed for treatment: 5 mg/L ClO2 
f. Weight (mg) of ClO2 required= 5 mg/L x TEV= 5 x (6.67-V) mg 
g. The efficiency of conversion of NaClO2 to ClO2 by the acidification 
reaction was determined to be ~30%. (Appendix M) 
h. Therefore, weight of NaClO2 required= mg of ClO2/0.3 




j. Acid (HCl) required: mg of NaClO2 x 146/452.5 (Excess HCl is required 
hence this is the minimum amount of HCl desired). 
4. Various trials were carried out under the following conditions  as shown in Table 
G1. 
a. Empty treatment chamber 
b. Cantaloupe treatment 
c. Treatment of glass jars- that occupied the same effective volume as the 
cantaloupes that had been treated. The purpose of this was to simulate 
treatment of a cantaloupe but without any reaction between the chlorine 
dioxide gas and the treated product so as to be able to understand the 
amount of gas that was being absorbed by the cantaloupe (if at all). 
Table G 1 Cantaloupe treatment trials- Reactant amounts 









Trial 31 Empty treatment 
chamber 
0.1189 4.5 2 
Trial 32 Cantaloupe(2 L) 0.0552 3.6 1 
Trial 33 Glass jars with a total 
volume of 2 L 
0.0557 3.6 1 
Trial 34 Empty treatment 
chamber 
0.0567 3.6 1 
Trial 36 Cantaloupe (1.5 L)  0.0618 4 1 
Trial 37 Glass jars with a total 
volume of 1.5 L 








Results: The variation of chlorine dioxide gas concentration (mg/L) with time during 
treatment of the cantaloupe (2 L) and during treatment of the glass jars that occupied an 
equal volume (to simulate treatment of cantaloupe but non-reactive with the chlorine 
dioxide gas) is shown in Figure G1. The concentration of ClO2 decreases over time when 
the cantaloupe is being treated, however it remains fairly constant with the treatment of 
glass jars that occupy the same volume. Therefore chlorine dioxide gas is being 
absorbed/reacting with the cantaloupe. The area between the curves can be calculated 
based on the equations thus obtained. The average mass of chlorine dioxide absorbed by 
the melon was therefore calculated. 
 
Figure G 1 ClO2 gas concentration during treatment of cantaloupe- Trails 32 and 33 
 




Therefore mass of chlorine dioxide absorbed= (16.2246 mg/L. min / Treatment time)x 
TEV = 6.99 mg 
Treatment time= 10.83 min, Weight of cantaloupe= 1.6 kg 
Therefore gas absorbed per unit weight of cantaloupe= 6.99/1.6 =4.37 mg/kg 
Gas absorbed per unit weight, per unit time=0.40 mg/(kg.min) 
 
Similarly for Trials 36 and 37, where a cantaloupe (1.5 L) was treated the variation of 
chlorine dioxide gas concentration (mg/L) with time during treatment can be compared 
with the variation in gas concentration during treatment of the non-reactive glass jars that 
occupied a volume equal to that of the cantaloupe in consideration. (Figure G2)  
The concentration of chlorine dioxide decreases over time when the cantaloupe is being 
treated, however it remains fairly constant with the treatment of glass jars that occupy the 
same volume. Therefore chlorine dioxide gas is being absorbed/reacting with the 
cantaloupe. The area between the curves can be calculated based on the equations thus 
obtained. The average mass of chlorine dioxide absorbed by the melon was calculated. 
Area between the curves: 21.7887 mg/L. min 
Therefore mass of chlorine dioxide absorbed= (21.7887 mg/L. min / Treatment time)x 
TEV = 8.04 mg 
(Treatment time = 14 minutes, Weight of cantaloupe= 
Therefore gas absorbed per unit weight of cantaloupe= 8.04/1364 =5.89 mg/kg 












Appendix H Reactant Amounts Calculations 
Calculations for determination of the amounts of reactants (radiolabeled sodium chlorite, 
non-radiolabeled sodium chlorite and HCl) required for the generation of chlorine 
dioxide are shown in the Table H1 and H2. An explanation for the terms in each column 
is listed below. 
 
A: Volume of Treatment Chamber: 5.67 L, Volume of Gas generation chamber: 1 L, 
Therefore total effective volume (TEV) during treatment: 5.67+1-V(cantaloupe) 
B: Weight (mg) of ClO2 required= 5 mg/L x TEV= 5 x (6.67-V) mg 
C: The efficiency of conversion of NaClO2 to ClO2 by the acidification reaction was 
determined to be ~30%. (Appendix M). Therefore, weight of NaClO2 required= mg of 
ClO2/0.3 
D: Weight of chlorite required: mg of NaClO2 x 67.5/90.5 
E: Acid (HCl) required: mg of NaClO2 x 146/452.5 
F: LOD (Target): 0.3 ppm 
G: Unit activity(A) ‘dpm/ µg chlorite’= (3 x s.d of background ‘dpm’) ÷ (sample volume 
‘mL’ x LOD ‘µg chlorite/mL’) 
(s.d. of background dpm estimated to be 3 units- based on observations from previous 
background sample trials on the LSC) 
H: Therefore total radioactivity or ‘dpm’ required= mg of chlorite x A 
Sample loop volume –  




2. Melon4, Melon5, Melon6: 100 µL : Attempt to verify the 100 µL sample loop 
volume showed that it was possible the volume was only 89.42 µL. So this lower 
value was used for calculations in order to ensure that the desired concentration of 
gas was still being achieved. 
I: Volume of radiolabeled solution (mL)= Total dpm/ (dpm/mL) and as shown in 
Appendix B, the unit activity of ACE 040 is  20,249 dpm/mL 
J: , radiolabeled chlorite in reaction (mg)= Volume of radiolabeled solution x [36Cl] 
chlorite conc.(mg/mL) and as shown in Appendix C, the ionic composition of ACE 040 
radiolabeled chlorite solution is 4.5737 mg/mL 
K: % Radiolabeled chlorite= mg [36Cl] chlorite/ total chlorite 
L: Weight of chlorite to be added (mg)= Total chlorite needed- [36Cl]Chlorite 
M: Solid non-radiolabeled sodium chlorite needed =Weight of chlorite to be added x 
90.5/67.5 
N: Purity of non-radiolabeled sodium chlorite: 77.6% (as verified in Appendix D) hence 
true weight of solid sodium chlorite needed (mg)= Solid non-radiolabeled sodium 





Table H 1 Reactant Amount Calculations for Melons 1-6 Treatments 














































1 5 1.5 5.17 25.85 86.167 64.268 27.802 0.3 1200 77121845.3 
2 5 2 4.67 23.35 77.833 58.052 25.113 0.3 1200 69662685.08 
3 5 2 4.67 23.35 77.833 58.052 25.113 0.3 1200 69662685.08 
4 5 1.5 5.17 25.85 86.167 64.268 27.802 0.3 335 21527982.72 
5 5 2.25 4.42 22.1 73.667 54.945 23.769 0.3 335 18404979.9 
6 5 2.25 4.42 22.1 73.667 54.945 23.769 0.3 335 18404979.9 
 
Table H 2 Reactant Amount Calculations for Melons 1-6 Treatment, Contd. 



























1 77121845.3 3.809 17.421 27.107 46.847 62.81 80.941 
2 69662685.08 3.44 15.734 27.103 42.318 56.738 73.116 
3 69662685.08 3.44 15.734 27.103 42.318 56.738 73.116 
4 21527982.72 1.063 4.862 7.565 59.406 79.648 102.639 
5 18404979.9 0.909 4.157 7.566 50.788 68.094 87.75 





Appendix I Use of Sodium Hydroxide/Hydrogen Peroxide Mixture to Trap Chlorine 
Dioxide gas 
Objective: To determine whether chlorine dioxide gas can be trapped as chlorite in a 
mixture consisting of sodium hydroxide + hydrogen peroxide. 
The preparation of sodium [36Cl] chlorite (details in Appendix A) involved a step 
in which chlorine dioxide gas was generated from sodium [36Cl] chlorate and this gas was 
subsequently passed to a flask containing hydrogen peroxide and sodium hydroxide, 
where it was reduced to sodium chlorite. This reaction system suggested that it was 
possible to directly convert chlorine dioxide gas to chlorite by passing it into a mixture of 
hydrogen peroxide and sodium hydroxide.  It has also been reported that chlorine dioxide 
reacts with hydrogen peroxide at acidic pH very slowly but as the pH increases it will 
react with hydrogen peroxide to yield chlorite ion (Simpson, 2005). Usually sodium 
thiosulphate is used as a trap solution for chlorine dioxide which converts it to the 
chloride ion. Conversion of chloride to chlorine dioxide is a complicated process.  
On the other hand, acidification of chlorite produces chlorine dioxide gas hence 
by using a mixture of hydrogen peroxide and sodium hydroxide instead of thiosulphate, it 
would be possible to reuse the radiolabeled material to generate radiolabeled chlorine 
dioxide gas again. The purpose of this experiment therefore was to determine whether 
chlorine dioxide gas could be trapped as sodium chlorite in a sodium hydroxide and 




trap solutions and the composition of the solutions was analyzed using ion 
chromatography. 
Materials 
1. 0.61 M NaOH, 250 mL 
a. Calculations 
MW NaOH=40, 0.61 M= 0.61 x 40 g/ L= 24.4 g/L 
2. Sodium chlorite standards prepared: 
a. 0.1728 g of Sodium chlorite (78%) dissolved in 100 mL to give 1000 
mg/L chlorite solution. 
b. 10 mL of this 1000 mg/L chlorite solution was diluted to 100 mL to give 
100 mg/L chlorite solution 
c. 1 mL of this 1000 mg/L solution was diluted to 100 mL to give a 10 mg/L 
chlorite solution. 
3. 30% Hydrogen peroxide 
4. Sodium thiosulphate solution- 100 mL of 0.1 N sodium thiosulpahte solution used. 
 
Apparatus 
1. Chlorine dioxide gas generator 
2. Trap1(Hydroxide/Peroxide solution): 250 mL of 0.61 M NaOH was mixed with 
18.75 mL of 30% H2O2. 10 mL of this solution was removed as an aliquot for the 




30% Hydrogen peroxide used in this solution was 13.33 parts NaOH to 1 part 30% 
H2O2 by volume. 
3.  Trap2: 250 mL of N/10 Sodium thiosulphate solution in a ball jar. 
4. Ion Chromatography 
• AS16+ AG16 columns 
• Sample loop: 0.72 mL 
• Range of detection (Range: 300 uS) 
• SRS: 100 mA, External water mode 
• Eluent: 35 mM NaOH 
• Eluent flowrate: 1.0 mL/min 
 
Method 
1. Chlorine dioxide gas was produced using a CDG generator (concentration of gas 
not known) and bubbled into a ball jar containing 0.61 M NaOH (250 mL) + 
18.75 mL 30%Hydrogen peroxide for 15 minutes. This first trap was also 
connected to a second trap containing sodium thiosulphate (0.1 N) in case the first 















2. Preliminary test: A 10 mL aliquot of the Trap1 (NaOH/Perox trap) was put in a 
beaker and 2 mL of 37% Hydrochloric acid was added via a pipette. This test was 
carried out in order to see if chlorine dioxide gas would be generated (since 
acidification of chlorite leads to production of chlorine dioxide).  
3. Dilution of samples:  
a. Trap1 solutions (before and after treatment were diluted): 
i. 1 mL of the Trap1(After treatment) was diluted to 100 mL 
ii. 0.5 mL of the Trap1(Before treatment) was diluted to 50 mL. 
b. Trap2 solutions (before and after treatment were dilute) 
i. 1 mL of Trap2(after treatment) was diluted to 100 mL 
ii. 0.5 mL of Trap2(before treatment) was diluted to 100 mL 
Dilutions were determined based on previous trials using the same types of solutions, 
dilutions attempted were - 10 mL to 100 mL, 5 mL to 100 mL, 1mL to 100 mL. Based on 
the conductivity detector range of detection and the ease of observation of peaks the 
dilution factor was chosen. 
TRAP1 TRAP2 
ClO2 gas 





4. Ion Chromatography: The diluted trap solutions (before and after passing chlorine 
dioxide gas) were then analyzed using IC system to identify species present.  
 
Results 
1. Addition of 37% HCl to Trap1 after treatment with ClO2 gas resulted in 
generation of ClO2 gas (solution turned green, distinct odor of chlorine dioxide 
gas was detected). 
2. Trap1 (After) had a distinct chlorite peak 
3. The nature of the peak was confirmed as chlorite, by using a chlorite standard (10 
g/L) 
4. The trap2(before) and trap2(after) were not different from each other, indicating 
chloride was not added to this trap during passage of chlorine dioxide gas through 
the setup or it was too low to detect under the chromatography conditions used. 
 







Appendix J Treatment of Slurry Samples with 30% H2O2 
Liquid scintillation counting is a common method used to analyze the presence of 
beta-emitting isotopes in various types of samples. Nonbiological samples are fairly 
simple to analyze. These samples just need to be directly suspended in a suitable 
scintillation medium. Biological samples such as urine, feces, blood, bile, serum, plasma 
and tissues (liver, kidney, brain, muscle etc.) and even plant material, need to be treated 
prior to analysis in order to achieve the correct counts.  
The purpose of these treatments is to achieve a uniform dispersion of the 
radiolabeled components in the scintillation cocktail and to avoid suppression of total 
counts (quenching) due to presence of color or chemicals. The two most common 
treatments are oxidation and solubilization. The process of oxidation involves 
combustion of the sample in an oxygen-rich atmosphere such that hydrogen present is 
oxidized to water and carbon present is oxidized to carbon dioxide. Solubilization 
methods depend on the type of sample being analyzed, the sample size, type of 
scintillation cocktail, sample homogeneity, safety, the possibility of chemiluminescence 
and the radiolabel being used (Temple, 2006). Common methods of solubuilization are 
via alkaline hydrolysis (quaternary ammonium hydroxide, sodium hydroxide), acidic 
oxidation (perchloric acid, nitric acid, perchloric/nitric acid mixture, perchloric 
acid/hydrogen peroxide mixture) or oxidative bleaching (sodium hypochlorite). 
Alternatively, commercial solubilizers are also available, such as Soluene-350 and 
Solvable. Soluene-350 is an organic based solubilizer formulated in toluene and for 




aqueous based solubilizer that should be paired with Ultima Gold liquid scintillation fluid. 
(Thomson, 2003)  
The solubilization method developed for a sample may include a decolorization 
step. If not, decolorization may be required after the sample has been solubilized. As 
mentioned before, this is needed in order to avoid color quenching. 
Quenching refers to the absorption of scintillator light emissions by colored 
sample components (color quenching) or by other sample components (chemical 
quenching) before it reaches the cocktail phosphors. In both instances, the total counts are 
reduced and the ratio of high to low energy counts is decreased.  Any sample that absorbs 
light at 350-450 nm (samples that appear yellow or brown) will undergo color quenching 
to some extent (National Diagnostics Laboratory, 2004).  
There are several methods to achieve decolorization of samples such as using 
ultraviolet light, hydrogen peroxide or benzoyl peroxide.  It is important to note that 
while harsh treatment of samples prior to counting may cause chemical changes to the 
labeled compounds, it will not alter the total counts of the sample. 
1. Decolorizing using Ultraviolet Light: The optimal wavelength, intensity and time 
required to bleach the samples must be determined, however in most cases 
exposing samples to sunlight for 1-2 hours is sufficient.  This method is useful 
because no external substances are added to the sample and thus potential 




2. Decolorizing with hydrogen peroxide: Hydrogen peroxide is an effective 
bleaching agent, is inexpensive, easy to use and miscible with aqueous samples. 
After treatment with hydrogen peroxide however, samples must be heated to drive 
off the oxygen, because oxygen is an effective chemical quencher. 
3. Decolorizing samples with Benzoyl Peroxide: This method is used for samples 
that have been dissolved in organic solubilizers or that are insoluble in water. 
(National Diagnostics Laboratory, 2004) 
For plant materials in general, the two main problems are the presence of pigments and 
the difficulty of digesting cellulose. Hydrogen peroxide can usually be used to decolorize 
the plant material samples, however cellulose is not soluble in the alkaline solubilizers 
commonly used. Soluene-350 and Solvable generally need very small sample sizes (<50 
mg) which makes it difficult to achieve the required decolorization with hydrogen 
peroxide. Perchloric acid/nitric acid and perchloric acid/hydrogen peroxide solution 
systems digest samples by “wet oxidation” and are useful for hard and dried plant 
material. They can also be used to digest cartilage, bone, collagen fibers and even blood 
and liver tissue samples.  Sodium hypochlorite does not completely dissolve cellulose but 
it can be used to decolorize chlorophyll along with all the other pigments found in plant 
materials. Therefore provided that the radioisotope being analyzed hasn’t been 
assimilated within the cellulose structure, it can be used to prepare plant materials for 
LSC (Thomson & Burns, 1996). 
The experimental protocol used in this research project involved determining the 




obtained from a cantaloupe that had been treated with radioactive chlorine dioxide gas. 
After surveying the information available, some initial trials were carried out with the 
slurry material to determine the best course of treatment for the samples to be analyzed.  
Primary trials were carried out using 0.2 mL of 70% perchloric acid and 0.4 mL 
of 30% hydrogen peroxide and heating on a stir plate as discussed in Thomson & Burns, 
1996. These samples did not show any visual differences in color removal or 
solubilization as compared to samples treated with hydrogen peroxide alone. It was 
therefore decided to continue with only H2O2 treatments. 
Control flesh and rind slurry samples (~0.25 g) on their own, mixed with DS1 
radiolabeled solution (25 µL), and mixed with DS1 (25 µL) but also subjected to the 
treatment method (0.5 mL of 30% hydrogen peroxide and heated on a stir plate for 15 
minutes) were prepared and analyzed on the LSC. A total radioactivity sample consisting 
of 25 µL + 975 µL DI water was also prepared to represent the total DPM expected. The 
results obtained are as shown in Table J1. 
The total counts obtained were compared to the control flesh/rind slurry when 
mixed with DS1 but not subjected to any treatment. Only two samples of each treatment 
were considered. While there was no significant difference in the total counts with and 
without the hydrogen peroxide treatment, the low number of replicates, the possibility of 
variation being high due to sampling techniques and the heating method employed means 




Table J 1  Results of flesh and rind slurry sample treatments. Values displayed as 
mean±s.d  (n=2). No significant differences in the Gross activity DPM2 between samples 




Control flesh slurry 0.2291±0.0109 26.67±4.72 
Control rind slurry 0.2401±0.0143 27.71±0.74 
Total radioactivity (25 µL 
DS1+ 975 µL H2O) 
1.000±0.0 1033.81±32.77 
Control Flesh slurry+DS1 0.2128±0.0151 1051.05±10.02 
Control Flesh slurry + DS1+ 
treatment 
0.2037±0.0026 1049.72±20.39 
Control Rind slurry+DS1 0.2348±0.0229 1055.31±22.68 




The stir plate method of heating was also determined to not be feasible since it did 
not allow temperature control of the sample during heating. A survey of scintillation 
counting techniques used for other biological samples such as liver, kidney, fatty tissue, 
feces and plant material involved placing the samples in an oven or a water bath after 
addition of the solubilizer. The temperature range employed was 55-600C and the time 
for heating depended on the desired effect (decolorization or solubilization or both) 
(Temple, 2006). It was decided therefore that a using a hot air oven at 55-600C to heat the 
slurry samples after addition of hydrogen peroxide was the better option.  
The maximum amount of hydrogen peroxide that would be permissible in a 
treated sample depends on whether or not emulsion separation occurs in the sample upon 
the addition of liquid scintillation fluid. In this case with the addition of 1 mL of 




Previous experience from David Smith, USDA-ARS (where the radioalabeled sodium 
chlorite solution was prepared) emphasized the importance of decolorization of the slurry 
samples prior to liquid scintillation counting. The method used in those experiments was 
addition of 6 mL of Carbo-Sorb® E to the slurry samples and leaving them for 4 h at 
ambient temperature. Thereafter, 9 mL of Permaflour E LSC fluid was added to these 
samples and then they were analysed for total radioactivity on the LSC (10 min count 
time). Carbo Sorb E is a high capacity radioactive carbon dioxide absorber compatible 
with the counting cocktail Permafluor E+. The use of this absorber did not seem 
necessary, accordingly, it was decided to proceed with a simple oxidation of the slurry 
samples using 30% hydrogen peroxide along with treatment in a hot air oven for 5 hours 
to eliminate all possible oxygen generated and thus mitigate the possibility of chemical 






Appendix K Quenching Effect of NaOH 
Objective: To determine if there is a quenching effect from the eluent that is mixed with 
the radiolabeled samples during fractionation via ion chromatography. 
Quenching is the interference with the conversion of decay energy to photons 
emitted from the sample vial. The identification and quantification of residues separated 
by ion chromatography involves collecting fractions that elute off the column and 
analyzing them for radioactivity. The radioactive material would therefore be in a 
solution composed of eluent used for that specific analysis and chemical quenching due 
to the eluent may occur. This experiment involved preparing solutions that had the same 
amount of radiolabeled material but differing quantities of sodium hydroxide solution (35 
mM NaOH) followed by analysis on the liquid scintillation counter. 
 
Materials 
1. DS2- diluted ACE 040 36Cl-NaClO2 Reduction flask #3” Sodium [36 Cl] Chlorite 
solution 
2. Eluent – 35 mM Sodium Hydroxide solution (NaOH) 
3. Scintillation vials (20 mL Wheaton, 24-400 Urea cap) 
4. Liquid Scintillation Fluid (Ultima Gold) 








1. The DS2 solution prepared previously was diluted 100 times by taking a 1 mL aliquot 
and diluting it to 100 mL in a standard volumetric flask using DI water. This solution 
was labeled as DS3. 
2. Samples were prepared consisting of 0.2 mL DS3 solution but with different volumes 
of the eluent 35 mM NaOH (0.3, 0.5, 0.8 …. 3.3 mL) in 20 mL liquid scintillation 
vials as shown in TableK1. 
3. These samples were analysed for radioactivity in the LSC. 
 
Table K 1 Weights and volumes of DS2+Eluent mixtures analyzed for radioactivity 
(DPM) 




















0.3±0.0 0.3322 ± 
0.0559 






0.5±0.0 0.5472 ± 
0.0035 






0.8±0.0 0.8548 ± 
0.0368 






1.0±0.0 1.0209 ± 
0.0279 






1.5±0.0 1.5343 ± 
0.0039 






1.8±0.0 1.8226 ± 
0.0023 






2.3±0.0 2.319 ± 
0.0052 






2.8±0.0 2.8407 ± 
0.0106 






3.3±0.0 3.3279 ± 
0.0071 








Results: The Net DPM= DPM- avg. background DPM and %DS3 in sample were 
calculated.The plot of Net DPM/g total sample and plot of Net DPM/g DS3 as a function 
of the %DS3(radioactive material) in the sample are shown in Figures K1 and K2.  
 
 






Figure K 2 Net DPM in the sample vs %DS3 (radioactive material) in the sample 
 
Therefore it can be observed that the Net DPM count from a sample is solely dependent 
on the %radioactive material in it. The radioactive counts do not vary significantly with a 
change in the percentage of radiolabeled material in the sample (p>0.05) indicating that 





Appendix L AS11 Sample Loop volume 
Objective: To verify the volume of the sample loop installed on the AS11 column for 
Melon4, Melon5, Melon6 IC analysis. 
 
Materials 
1. DS2 radiolabeled chlorite stock solution 
2. Liquid scintillation fluid (Ultima-Gold) 
3. Scintillation vials 
4. Ion Chromatography Setup 
a. AS11 analytical column 
b. AG11 guard column 
c. ASRS suppressor- 100 mA, External water mode 
d. CD20 Conductivity detector- Range 300 uS 
e. Eluent: 30 mM NaOH at 1 mL/min 
5. LSC-Liquid Scintillation counter (Packard Model Tricarb 1900TR 
 
Method 
1. Chloride and chlorite retention times were verified by injection of standard 
solutions (10 mg/L for each). 
2. Radiolabeled material (solution DS2 prepared on 23rd October, 2012 and kept in 
amber vial in cold) was injected onto the IC system.  Based on retention times of 




preweighed empty liquid scintillation vials. Fifteen mL of Ultima Gold 
scintillation fluid was added to these fractions and they were counted on the LSC. 
This was repeated three times to give SetA, SetB and Set C analyses. 
3. The Total radioactivity in DS2 solution (DPM/mL, DPM/g) was also determined 
by pipetting samples (weight of the sample recorded) of the DS2 solution into 
LSC vials, adding 15 mL of Ultima Gold LSC fluid and counting the total 
radioactivity on the LSC. 
4.  By comparing the radioactivity collected during fractionation with the DPM/mL 
counts for the DS2 sample it was possible to determine loop volume. 
 
Observations: The sample weights and volumes are shown in Table K1. The weights of 
the vials and fractions for each of the sets (A, B and C) are shown in Table L2, L3 and L4 
respectively.  














Background - - 1.0091 1 
Background - - 1.0426 1 
Background - - 1.0055 1 
     
Total count 0.1055 0.1 0.9043 0.9 
 0.1073 0.1 0.9054 0.9 













of vial (g) 
Weight of vial 
+ sample (g) 
Weight of 
fraction (g) 
DS2-Fraction1 2-2.99 16.2253 17.2044 0.9791 
DS2-Fraction2 3-3.99 15.9938 16.9744 0.9806 
DS2-Fraction3 4-4.99 16.3269 17.3076 0.9807 
DS2-Fraction4 5-5.99 16.1324 17.104 0.9716 
DS2-Fraction5 6-6.79 16.3449 17.1306 0.7857 
DS2-Fraction6 6.80-7.80 16.2023 17.1919 0.9896 
DS2-Fraction7 7.81-8.81 16.3156 17.3114 0.9958 
 





of vial (g) 




DS2-Fraction1 2-2.99 16.0959 17.0829 0.987 
DS2-Fraction2 3-3.99 16.2912 17.2823 0.9911 
DS2-Fraction3 4-4.99 15.9735 16.9427 0.9692 
DS2-Fraction4 5-5.99 16.4254 17.4171 0.9917 
DS2-Fraction5 6-6.79 16.266 17.0499 0.7839 
DS2-Fraction6 6.80-7.80 16.1478 17.1116 0.9638 
DS2-Fraction7 7.81-8.81 16.1857 17.1952 1.0095 
 







Weight of vial + 
sample (g) 
Wt. of fraction 
(g) 
DS2-Fraction1 2-2.99 16.1917 17.1874 0.9957 
DS2-Fraction2 3-3.99 16.3022 17.2762 0.974 
DS2-Fraction3 4-4.99 16.2984 17.2626 0.9642 
DS2-Fraction4 5-5.99 16.2243 17.2144 0.9901 
DS2-Fraction5 6-6.79 16.1625 16.9516 0.7891 
DS2-Fraction6 6.80-7.80 16.1655 17.157 0.9915 







Results: The gross and net activities for the background and total count samples are in 
Table L5. A summary of the net activity for each of the fractions, for all three sets is 
shown in Table L6. 
Table L 5 Gross radioactivity and Specific activity for background and total radioactivity 
samples 






Background B1 28.65 -   
Background B2 26.98 -   
Background B3 26.46 -   
      
      
Total count T1 4400.4 4373.04 4145.06 4373.04 
 T2 4489.38 4462.02 4158.45 4462.02 
 T3 4388.46 4361.10 4110.37 4361.1 
Average  4426.08 4398.72 4137.96 4398.72 
  55.14 55.14 24.81 55.14 
 







Set B: Net 
activity 
NDPM2 
Set C: Net 
activity 
NDPM2 
DS2-Fraction1 2-2.99 <LOD <LOD <LOD 
DS2-Fraction2 3-3.99 3550.35 3885.66 3443.42 
DS2-Fraction3 4-4.99 56.91 64.4 69.5 
DS2-Fraction4 5-5.99 5.66 4.72 5.97 
DS2-Fraction5 6-6.79 <LOD 2.94 <LOD 
DS2-Fraction6 6.80-7.80 3.68 4.41 2.64 
DS2-Fraction7 7.81-8.81 <LOD <LOD <LOD 
Total   3616.60 3962.13 3521.53 
Loop volume  
(µL)  87.4 95.75 85.1 
Average loop volume 89.42 
 
The recovery was not seen to be 100% therefore it is possible that either the sample loop 




For further calculation considerations where the volume of the sample loop is important 
(such as determination of reactant amounts to generate the desired concentration of 
radiolabeled chlorine dioxide gas) it was therefore decided to consider the lower value of 
89.42 µL in order to ensure that the desired conditions would still be created while 






Appendix M Efficiency of Conversion of Sodium Chlorite to Chlorine Dioxide by 
Acidification Reaction 
Objective: To determine the efficiency (mass based) of chlorine dioxide generation by 
acidification of sodium chlorite with hydrochloric acid. The mass of chlorine dioxide 
produced by acidification of a certain mass of sodium chlorite is important for the 
calculation of amount of reactants needed in order to generate the required concentration 
of radiolabeled chlorine dioxide gas (36ClO2) during treatment of cantaloupe. 
 
Materials 
1. Sodium chlorite   
2. Hydrochloric acid (6 M) 
3. Treatment setup (Figure J1) 
a. Gas generation chamber, 2 L 
b. Treatment chamber- 5.67 L 
c. Optek Sensor- ClO2 gas 
d. P1, P2- Pumps 
e. Trap1- N/10 Sodium thiosulphate solution 
f. V1,V2, V3,V4,V5- one way valves 





Figure M 1 ClO2 Treatment Setup used for experiment 
 
Method 
1. A sodium chlorite solution (6.132 g sodium chlorite/L) was prepared such that it 
had the same concentration of chlorite ions as the ACE 040 36Cl-NaClO2 
Reduction flask #3” Sodium [36 Cl] Chlorite solution which will actually be used 
during treatment of the test commodity.  
2. The reaction system setup was arranged as shown in Figure M1. The 
concentration of ClO2 gas obtained in the generation loop alone was used to 
determine the efficiency of conversion. 
3. The reactants (300 µL of the sodium chlorite solution, specific mass of solid 




generation chamber and the concentration of chlorine dioxide gas thus produced 
was recorded by the Optek sensor. HCl was required in excess, therefore the 
amount of HCl required was determined based on the chemical reaction between 
sodium chlorite and hydrochloric acid, shown below. 
5NaClO2 + 4 HCl 4 ClO2 + 5 NaCl + 2 H2O 
 
Results: The total mass of sodium chlorite in the reaction was calculated and the 
maximum concentration of chlorine dioxide gas produced in the gas generation loop was 
noted. Accordingly the mg of ClO2 produced per mg of sodium chlorite was calculated to 
obtain the efficiency of conversion, as shown in Table M1 . Overall the average 
conversion efficiency was 35%. 
 
Table M 1 Weights of reactants used in various trials carried out to determine efficiency 





















    mL Moles Mg Mg/L mg  
Stock1 300 39.0 40.37 0.5 0.003 109.5 6.56 13.12 0.32 
Stock2 300 43.0 44.37 0.5 0.003 109.5 8.45 16.90 0.38 
Stock3 300 39.2 40.57 0.5 0.003 109.5 7.86 15.72 0.39 
Stock4 200 51.0 51.91 0.5 0.003 109.5 7.88 15.76 0.30 
Stock5 300 39.0 40.37 0.5 0.003 109.5 6.81 13.62 0.34 
Stock6 300 34.0 35.37 0.5 0.003 109.5 6.06 12.12 0.34 
Averag
e 
        0.35 
 
 
